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Abstract
In elite level rowing competition, the average velocities of medallists differ by less
than 1 % over 2000 m. Nations place sporting excellence in high regard and this
magnifies the importance of success. As a result, sports science and technology is
increasingly used to achieve marginal performance gains. This research considers
how to advance biomechanical analysis and skills training provision with a partic-
ular focus on the technical and practical delivery of real-time feedback to coaches
and athletes, thereby shortening the amount of time between feedback cycles.
Underpinning any biomechanical feedback intervention, validated determinants
of performance are required. Previous research revealed that, while gross biomech-
anical measures such as athlete power, stroke rate and stroke length have previ-
ously been used as key determinants of performance, elite athletes are nowadays
performing within expected ranges and therefore it is no longer possible to easily
differentiate crews using these measures alone. This thesis describes workshops
held with elite coaches to investigate biomechanical efficiency where the outcomes
led to a focus on how a boat accelerates and decelerates during a stroke and hence
how the boat’s velocity fluctuates. Novel metrics are proposed to quantify as-
pects of a stroke cycle and used to analyse an elite data set, collected using a
standardised protocol. It is shown that individual elite rowers can be successfully
differentiated and benchmark values of performance are presented.
Consideration of previous research suggests that there is currently no suitably
functional and flexible biomechanical real-time feedback system to deliver complex
skills training in rowing. Therefore, this thesis describes the research that has led
to the development and evaluation of new technology to deliver visual and audible
interfaces that support the delivery of concurrent and terminal feedback in water
and land-based environments. Coaches and athletes were involved throughout
the design process to optimise system suitability and encourage adoption. The
technology empowers a coach to intricately manipulate feedback provision, thereby
promoting motor control and learning theory best practice. Novel insights relevant
to designing interactive systems for use within an elite sporting population are also
discussed.
This research presents an end-to-end strategy for the applied delivery of real-
2
time feedback to skilled rowers bringing together engineering and social science
disciplines. A land-based case series reveals that while statistically significant skill
learning was not achieved, participants acquired sport specific technical awareness
and heightened motivation as a result of the skills training intervention. Existing
motor learning literature was tested as part of the study with a key finding being
the lack of support for audible display of stroke acceleration through frequency
modulation. Study limitations were identified that explain the lack of an effect
of skills training on rower efficiency. The study also acted as a validation of the
use of a land-based simulator to monitor and manipulate stroke velocity and a
validation of the candidate feedback interfaces that had been implemented.
As of result of this work, rowing coaches are able to evaluate their athletes in a
novel way, achieving a deeper appreciation of their biomechanical efficiency. Upon
identifying athletes with a need for technical development, coaches can intervene
with the proposed methodology of skill development making use of the new tech-
nologies developed to deliver performance gains. This methodology would achieve
enhanced validity through a deeper understanding of the reliability of the new
metrics and their relationship to boat speed. Future attempts to test for skill
learning should build upon the findings made in this work and, in due course,
technology and theory should combine to deliver terminal feedback training dur-
ing water-based rowing.
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Glossary
body angle A rower will pivot their mass about their seating position in the
sagittal plane during a rowing stroke. The angle achieved between their seat
and shoulders relative to the vertical is their body angle. 162
bow The bow of the boat is the forward part of the hull. During competition,
the bow of the boat is the first to cross the finish line. 33, 34, 39
bow side In sweep rowing, bow side indicates a rower whose blade extends to
the starboard side of the boat. Looking towards the bow, bow side is to the
right hand side. 38, 98, 100
catch The catch is the section of the rowing stroke where the rower has fully
compressed their body with the seat at its closest to the stern of the boat.
The catch includes the placement of the blade at maximum blade excur-
sion. A full description of the phases of the rowing stroke is provided in the
chapter 1. 30, 32–34, 37, 76, 178
COTS Commercial Off-The-Shelf. It describes a product that is commercially
available and can be used as is. The benefits are that functionality is
provided out of the box, reducing the amount of engineering required. COTS
might refer to hardware or software. In the context of this research, the Wi-
Fi router is an example of a COTS product, providing networking and a
serial data input. 46, 113
CoU Context of Use. A clear statement of the intended users of the system,
characteristics of users (e.g. skill and knowledge level), the goals and tasks
of the users and the way in which these are performed and the environment
within which the system will be used (ISO 9241-210, 2010). 55, 90, 114
DR Drive Ratio. A measure of the amount of time a rower spends during the
drive phase of a stroke, expressed as a ratio of the overall stroke time. 17,
70, 76, 77, 80, 83, 87, 142, 178
5
drag factor A measure of the fan load experienced on a Concept 2 rowing er-
gometer. It is an adjustable parameter and often standardised across physiolo-
gical testing to ensure comparable results.. 141
drive The drive phase of the rowing stroke is when the rower applies force to the
oar in an attempt to propel the boat through the water. The drive occurs
between the catch and the finish of the stroke. 32–34, 37, 65, 67, 69, 71, 76,
177, 178
effective stroke arc Definitions of effective stroke arc differ depending upon how
a team quantifies this parameter and the instrumentation available for its
measurement. It describes the total oar arc rowed whilst the blade is fully
immersed in water. It will measure less than the total oar arc because
there is typically slip as the blade enters and exists from the water. Within
GBRT, effective stroke arc is evaluated around the loading level of the pin
as a percentage of maximum load. 83, 87
feathered A rowing oar has two different orientations within the oarlock. Feathered
indicates that the longest edge of the spoon is parallel to the surface of the
water and not in a position to enter the water. The opposite orientation is
squared. 34
finish The finish is the section of the rowing stroke where the rower’s legs are
fully extended, the arms are bent and the oar is against the body. It is the
end of the drive phase of the stroke. The blade is extracted from the water
prior to starting the recovery phase. 32, 34, 37
foot stretcher A rower has three points of contact with the rowing boat: their
hands hold the handles, they sit on a rolling seat and their feet are inserted
into rowing shoes that are fixed to the hull of the boat. The exact position
of the shoes can be adjusted towards the stern or the bow, set at a particular
pitch and raised or lowered. The foot stretcher is the complete adjustment
element within the boat that includes a foot board and shoes. 19, 30, 33,
34, 39, 41, 96, 105, 109, 118, 130, 131, 135–137, 140, 141, 161, 167, 184, 199
front reversal The front reversal is a term used interchangeably with the catch
and reflects the fact that the seat and athlete reverse their direction of travel
about the forward-most position. See ‘catch’ glossary entry for more details.
30, 69, 177, 184
GBRT The Great Britain Rowing Team. 23, 26, 29, 30, 81, 83, 90, 93, 141, 177
HCD Human Centred Design. An international standard for systems design and
development placing focus on the use of the system (ISO 9241-210, 2010).
See chapter 2. 14, 53–55, 63, 89, 90, 92, 96, 110–112, 114, 119, 130, 131, 150
HCI Human Computer Interaction. ‘The study and practice of design, imple-
mentation, use and evaluation of interactive computing systems’ (SIGCHI).
See chapter 2. 58–60, 63, 179
HTA Hierarchical Task Analysis. A graphical approach to task analysis often
used when applying HCD. It involves re-describing a task or goal in terms
of subordinate goals, considering each subordinate goal in terms of input,
action and feedback. Goals are described as verb-object instructions such as
‘monitor rowing’. 56, 90, 93, 94, 111, 208, 211, 214
loom A modern rowing oar consists of a carbon fibre tubular section with a handle
at one end that the rower holds and a spoon at the other that is used to
interact with the water. The loom describes the tubular section of the oar.
33
MCLT Motor Control Learning Theory. Psychological theory relating to the
training of motor skills, particularly relevant to sports. See chapter 2. 47,
113, 139, 149, 150, 172, 175, 179, 180, 182, 183, 185
PGM Percentage Gold Medal time or velocity. Within an international rowing
team, standards are set for each boat class to reflect the predicted finish
times of the upcoming Olympic regatta against which performance levels
can be monitored. If a crew rows at 100 PGM, they are considered to be
rowing fast enough to win an Olympic Gold Medal. Within a team, PGM
rankings allow boats from different classes to be ranked against each other.
86, 87
pin Each rower has a pin (sweep rowing) or a pair of pins (sculling) mounted
vertically a set distance perpendicular from the centre line of boat. The pin
is set outboard of the hull of the boat on the rigger. The pin becomes the
fulcrum around which an oarlock pivots with the oarlock holding the oar
securely. 33, 34, 199
QoC Quality of Catch. A component parameter used to quantify the velocity
fluctuation of a rowing stroke, specifically related to the period just before
the front reversal. 17, 19, 71, 75, 76, 78–83, 142, 144, 146, 153–156, 161,
169, 170, 178
QoD Quality of Drive. A component parameter used to quantify the velocity
fluctuation of a rowing stroke, specifically related to the period just after
the front reversal until the blade is extracted from the water. 17, 19, 71, 72,
75, 76, 78–83, 142, 144, 146, 153–156, 162, 170, 178
QoS Quality of Stroke. A global parameter used to quantify rowing stroke effi-
ciency. It is a measure taken from the fluctuating velocity signal of a single
rowing stroke cycle. 17, 19, 70, 75, 76, 78–80, 82, 83, 86, 87, 142, 146,
153–156, 177, 184
recovery The recovery phase of the rowing stroke occurs between the finish and
the proceeding catch. The blade has been extracted from the water and the
rower first extends their arms, pivots their weight towards the stern of the
boat and then starts to compress their legs while the seat moves towards the
stern. The recovery is so called because the blade is out of the water and
therefore little work is expended by the rower. 32, 34, 37, 65, 71, 184
SPI Serial Peripheral Interface. A synchronous data interface specification for the
transfer of data across short distances in full duplex mode. It relies upon a
master-slave architecture. 131
squared A rowing oar has two different orientations within the oarlock. A
squared oar has the longest edge of its spoon oriented perpendicular to the
water. In this position, it is ready for insertion into the water at the catch
of the stroke cycle. The opposite orientation is feathered. 30
step test A step test is an incremental testing tool designed to evaluate an ath-
lete across a range of intensities. Physiological step tests are performed in
rowing to monitor oxygen uptake and waste product generation in the blood.
Biomechanical step tests can be adopted to investigate how kinetics and kin-
ematics alter across a range of stroke rates. 19, 21, 72, 73, 88, 139, 141–143,
151, 152, 154, 156, 172, 173, 176, 183, 184
stern The stern of the boat is the opposite end to the bow. During competition,
the stern is the last part of the boat to cross the finish line. 30, 33, 34, 39
stroke arc The total oar excursion for a whole stroke cycle, measured in degrees.
The oar is at maximum excursion at the catch and minimum excursion at
the finish of the stroke. 26, 30, 39, 89, 93, 96–98, 100, 101, 103, 105, 129,
178, 182
stroke rate The frequency of strokes rowed. In rowing, stroke rate is typically
expressed as the number of strokes rowed in one minute (spm). 3, 17, 21,
71–73, 76–78, 82, 87, 141–144, 153, 174, 184, 185, 199
stroke side In sweep rowing, stroke side indicates a rower whose blade extends
to the port side of the boat. Looking towards the bow, stroke side is to the
left hand side. 38, 98, 100
TCP Transmission Control Protocol. A connection-oriented protocol for guaran-
teed transportation of application-layer messages between application end
points. It forms part of the transport layer of the Open Systems Intercon-
nection (OSI) model (Kurose and Ross 2012). 117, 119–121, 129, 179
training age The total number of years that an athlete has trained throughout
their life. It is a reflection of the athletic maturity of an athlete and the know-
ledge of training fundamentals and capabilities, e.g. core strength, training
routines and psychology. An elite athlete will typically have a training age
in excess of five years. 30, 165, 174
UART Universal Asynchronous Receiver/Transmitter. A device for the serial
transmission of data between computers. UART specifies data structures,
control sequences and voltage levels. 131, 201
UDP User Datagram Protocol. A connectionless protocol for applications to
use. No reliability, flow control nor congestion exist. It forms part of the
transport layer of the Open Systems Interconnection (OSI) model (Kurose
and Ross 2012). 117, 119, 179
UML Unified Modelling Language. A specification, visualisation and document-
ation toolset to support the design and management of software systems.
It is an ideal fit for the development of Object Oriented software. Tools
supporting UML documentation often provide automated code generation.
90
USB Universal Serial Bus. An industry standard that defines cables, connectors
and communication protocols for communication and power supply between
computers and electronic devices. It is often used for the connection of
modern peripherals to PC’s, such as mice, keyboards and digital cameras.
115, 131, 201
VD Velocity Delta. A measure of the difference between the maximum and min-
imum velocity of a rowing stroke. 17, 69, 70, 76, 77, 80, 82, 86, 87, 142
VR Velocity Ripple. A measure of the difference between the maximum velocity
of a rowing stroke and the velocity achieved at the end of the drive, expressed
as a ratio of the Velocity Delta. 17, 70, 75–77, 79, 80, 82, 83, 142, 144, 178
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Chapter 1
Introduction
Nations place sporting success in high regard in terms of national pride, encour-
aging sports participation and a healthy lifestyle and, specifically in the UK, fund-
ing is based around previous and current levels of performance. As a result, elite
sport is very focused on marginal performance gains with various scientific dis-
ciplines contributing towards this goal. Rowing is a sport in which Team GB
has traditionally been very successful. It is a water-based sport where rowers sit
backwards behind one another in a boat and propel the boat forward by providing
leverage to their oars. The international race distance is 2000 m with race times
ranging between 5 min 40 s and 7 min 55 s for the different crew types. Margins of
performance are typically in the region of 4 s between medallists and 11 s between
1st and 6th places at an elite level1.
The primary objective of this research was to progress the biomechanical ser-
vice provided to the Great Britain Rowing Team (GBRT), a need identified by
elite coaches who had a desire to provide real-time feedback to their rowers dur-
ing training. The belief was that real-time feedback would provide a competitive
advantage over other nations. Previous third party feedback systems had been tri-
alled and bespoke systems developed in house but without widespread adoption
by the coaches because of technical limitations of the systems or the feedback was
deemed inappropriate or overwhelming to the athletes.
In the current model of biomechanical feedback, an athlete rows for a whole
session (typically 90 min) during which time the coach provides verbal feedback
based on visual observations. Some period after the session, feedback is collated by
the biomechanics service, handed to the coach who in turn relays the information
back to the athlete in preparation for the next session (figure 1.1a). In the proposed
model, the feedback cycle is dramatically reduced with multiple biomechanical
feedback instances provided allowing the coach and athlete to discuss technique
1London Olympic Games, 2012
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during a session based on quantitative data (figure 1.1b).
Row 90 mins 1 hour break
Receive 
feedback
(a) Traditional training with report based feedback.
Row n 
strokes
Receive 
immediate 
feedback
Action 
feedback
(b) Training with real-time feedback.
Figure 1.1: Comparison of rowing training with and without real-time feedback.
The most obvious aspect of this work involved the selection or development
of a set of data instrumentation and feedback technologies that were fit for pur-
pose to support any future research. It was accepted that sufficient data were
being collected on water and that the research intended to focus instead on real-
time provision of data during a session. This narrowed the initial scope of the
research. Suitability of the existing candidate instrumentation and its associated
wireless distribution within a boat would be evaluated although any additional
instrumentation was avoided. Land-based instrumentation of rowing simulators
was less advanced and would therefore involve sensor integration. A summary of
technologies adopted or utilised is available in appendix A.
While coaches knew that they wanted to provide real-time feedback to their
athletes, two areas were less well understood: what information should be fed
back to athletes and how might this information be most effectively and efficiently
delivered? These questions triggered a review of existing biomechanics literature
in rowing and, where a suitable dependent measure of performance could not be
identified, a novel metric was proposed and investigated. In an attempt to answer
the question of how best to deliver that information, psychological and ecological
aspects of the design challenge were considered including the involvement of the
end users in the design process, how to maximise cognitive uptake and how to
display information in a boat. Findings from the elite coach user group would
form an interesting design case study in themselves. Literature was also explored
relating to human motor control and associated learning and how these concepts
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could be applied to rowing feedback.
In order to encourage the adoption of the new system and best practice pro-
cesses within the team, links between training intervention and rowing perform-
ance were sought. With a prototype feedback system in place and a candidate
dependent measure of performance identified, a case series was undertaken with
high performance athletes to experimentally test the efficacy of a skill training
intervention. A case series was selected because of the small number of parti-
cipants involved and the desire to capture qualitative as well as quantitative data
relating to athletes’ experiences of using the system. While achieving significant
skill development in trained athletes is challenging, it was considered likely that
component or secondary benefits might be achieved including skill education and
psychological benefits such as enhanced motivation.
1.1 Aims
The aims of the research can be summarised as follows:
1. Understand current biomechanical rowing theory and practice and determine
candidate metrics of efficiency.
2. Design, develop and evaluate a suite of tools to support the delivery of skill
development in rowing.
3. Conceive, evolve and evaluate a process of biomechanical real-time feedback
delivery in rowing.
1.2 Thesis Organisation
The high level organisation of this thesis is presented in figure 1.2. The thesis
commences with a review of the determinants of rowing performance (chapter 2).
Since the basic premise of rowing is to complete the race distance in a shorter
time than competing crews, research that decomposes race time into measures
of biomechanical efficiency is presented which highlights a lack of a validated de-
pendent measure of efficiency relevant for use in this research. The maturity of
existing instrumentation and feedback systems for use in rowing is described. The
chapter then presents theory surrounding the application of feedback to support
human skill development which forms the basis for how feedback might be used
in the rowing context. Aspects of the design process discussed include how to
optimise the involvement of users and best practice for designing interactive com-
puter systems, including simplistic factors such as colour or font selection as well
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as considering the impact of task complexity and how this might impact upon the
user’s cognitive ability to consume information.
Human Centred Design
Chapter 4
Rowing Technology
Chapter 5
Velocity 
Parameterisation
Chapter 3
Training Case Series
Chapter 6
Literature Review
Chapter 2
Conclusions
Chapter 7
· Rowing theory + current practice
· Motor learning theory
· Design theory
Hypothetical measure of 
rowing efficiency
Design and build of feedback systems
Technology and process
validation
Figure 1.2: Thesis organisation.
The next three chapters together provide a set of tools and the framework for
delivering real-time feedback in rowing. The lack of a measure of rowing efficiency
to quantify performance is addressed in chapter 3. This includes a description of
how rowing boat velocity varies during a stroke and how this might be realistically
optimised. A novel set of velocity signal parameters is presented and trialled using
a group of elite athletes from GBRT, performed in single sculling boats. This
study demonstrates the ability to differentiate elite performance and describes
benchmarks of performance across a range of athlete groups. It also outlines a
methodology of routine athlete evaluation that could be adopted within a squad
to track development across a season or multiple Olympiads.
Chapter 4 describes the stakeholder activities performed to fully understand
the coaching task and the requirements of the end users. Users were involved in the
design of a candidate rowing task involving the presentation of stroke arcs to the
rowers. Designs were proposed and ranked by the users before being mocked-up
and trialled on a rowing simulator. The main rowing task of velocity paramet-
erisation, as described in the preceding chapter, was then developed in the same
way using lessons learnt from the stroke arcs design study. Findings pertaining to
the involvement of elite and high performance coaches and athletes in the design
of computerised feedback systems are presented.
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Technology developed to deliver real-time feedback in rowing is presented in
chapter 5. Both water-based and land-based simulator feedback systems are de-
scribed. The water-based system adopts a novel architecture that empowers the
coach to control intra-session feedback of multiple athletes. A study is also under-
taken to investigate the suitability of Wi-Fi networking to deliver instrumentation
data to multiple display devices in various environmental conditions. The research
and development of an instrumented simulator is then described that is capable
of acquiring time synchronised data from multiple sensors and implementing the
interfaces designed in chapter 4. The simulator has the functionality to present
and record live data or replay previously recorded sessions as well as to deliver
various feedback strategies.
The outputs from these chapters provide the foundation for the training case
series presented in chapter 6. It was proposed that the case series be performed
on the simulator in line with motor learning best practice although this required a
study to compare velocity parameters measured from a boat with those measured
on the simulator. Intervention and control groups were then presented with the
theory of optimised boat velocity although only the intervention group received
simulator based skills training. The purpose of this study was to identify whether
it is possible to influence velocity parameters and hence have a meaningful effect
on rowing performance. As well as statistically quantifying the difference in skill
development between the groups, qualitative data was collected including tran-
scriptions from the training instances and questionnaire based feedback in order
to evaluate the skill development process adopted and the new feedback techno-
logy.
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1.3 Research Outputs
Conference publications:
• Harfield, P. D., Halkon, B., Mitchell, S., Phillips, I., & May, A. (2014). “A
Novel, Real-time Biomechanical Feedback System for Use in Rowing”. In
Procedia Engineering. Vol. 72. Elsevier B.V., pp.126-131. (Reproduced in
appendix H)
Conference presentations:
• Harfield, P. D., Halkon, B., Mitchell, S., Phillips, I., & May, A. (2013). “En-
hanced Biomechanical Feedback in Elite Rowing”. PhD Research Confer-
ence, Wolfson School of Mechanical and Manufacturing Engineering, Lough-
borough University, UK.
• Harfield, P.D., Halkon, B., Mitchell, S., Phillips, I., & May, A. (2014). “A
Real-time Biomechanical Feedback System for Use in Rowing”. The 2014
Conference of the International Sports Engineering Institute, Sheffield Hal-
lam University, UK.
• Harfield, P.D., Halkon, B., & Phillips, I. (2015). “Dynamic Ergometer and
Water Rowing: A Biomechanical Comparison”. 20th Annual Congress of
the European College of Sports Science, Malmo¨, Sweden.
• Harfield, P.D., Halkon, B., & Phillips, I. (2015). “An Automated Biomech-
anical Analysis Approach in Rowing”. Mathsport International, Loughbor-
ough University, UK.
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1.4 Biographies
This research relied upon individuals with first hand rowing experience acting as
facilitators and participants. The lead investigator had also worked within the
sport for many years. Descriptions of each group and their backgrounds are given
here.
Investigator
The PhD investigator was a mature student and had a background that lent itself
to this research. He had university qualifications as an engineer and applied sport
scientist and had previously worked as an IT consultant for several years. He also
brought 25 years rowing experience as an athlete, coach and tutor.
Directly preceding the commencement of this research he had worked for GBRT
as the lead biomechanist and as a sports technologist delivering bespoke data
collection and calibration solutions. These experiences equipped the research with
sport specific knowledge and provided access to elite coaches and rowers within
GBRT.
Industrial Supervisor
The industrial supervisor for this research was also the Technical Coordinator of
the GBRT Technical, Science and Medical Team. She supported the research pro-
posal on behalf of GBRT and attended bi-annual progress review meetings during
the research. At these meetings, access to support staff, coaches and athletes was
discussed and suitable groups were allocated. This link to participant recruitment
greatly facilitated the smooth running of the research.
Elite Rowers and Coaches
A distinction is made between elite and high performance rowers and coaches.
The term ‘elite rowers’ refers to athletes that train full time at Caversham Lakes,
Reading, UK (which is the training base of GBRT) and Bisham Abbey, Marlow,
UK (the regional centre of the English Institute of Sport). These athletes are the
leading rowers in the UK and are directly competing for selection to represent
their country at senior World Championships and Olympic Games. A group of
elite coaches work alongside these athletes to deliver performance.
Elite rowers participated in the data collection to understand velocity para-
meterisation in chapter 3 while elite coaches were involved in the human-centred
requirements capture process in chapter 4.
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High Performance Rowers and Coaches
A further group of participants were involved in the research. ‘High Performance’
refers to rowers and coaches that do not train full time at Caversham Lakes.
Instead, they are based regionally and train as groups identified with the potential
for future elite performance but not at a stage to be invited to train with the elite
group. Typically, athletes in this group have a training age of between one and four
years and are considered part of the development pathway, managed by GBRT,
to prepare the future generation of elite rowers.
High performance rowers will typically support themselves through part-time
employment or be studying at university. The regional nature of the groups al-
lows such activities to be performed alongside training. In this research, high
performance rowers were involved in the design of stroke arcs interfaces while high
performance coaches participated in the design of velocity parameterisation inter-
faces (chapter 4). A further group of high performance rowers took part in the
case series to evaluate the technology and process of real-time feedback delivery
in chapter 6.
1.5 Phases of a Rowing Stroke
The rowing stroke is a cyclical motion containing several distinct phases. Fig-
ure 1.3 presents these phases with reference to kinetic and kinematic data and the
following subsections, labelled on the figure, describe the main events that occur
in each phase of the stroke. Key terminology is introduced that is used to describe
a rowing stroke. Each label also has an associated sagittal plane photograph to
illustrate what an athlete is doing at each phase (figure 1.4).
A: Approaching the catch
The athlete prepares themselves for the beginning of the stroke. Their seat con-
tinues to move towards the stern of the boat causing the legs to compress and
this inevitably causes the athlete to increasingly load their foot stretcher as they
approach the front reversal (or catch). The oar approaches its maximum excursion
and is in a squared position ready for placement into the water. Deceleration of
the system occurs at this point, predominantly due to the foot stretcher loading,
and this leads to a decrease in boat speed. Deceleration discontinuities can appear
in this phase of the stroke, most often in bigger boats due to a lack of crew syn-
chronicity. These differences are very difficult to attribute to a particular athlete
and are best identified using foot stretcher sensors.
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Figure 1.3: Example rowing kinetics and kinematics of a boat with stroke position
markers.
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(a) Approaching the catch (b) Blade touching the water
(c) Onset of the drive phase (d) Blade at 90◦ to the boat
(e) Approaching the finish - blade covered (f) Finish of the stroke - blade released
(g) Arms and body recovery
Figure 1.4: Phases of a rowing stroke.
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B: Blade touching the water
At the catch, the athlete makes a vertical movement with their hands which causes
the blade to enter the water. The athlete is fully compressed with the seat at its
closest to the stern of the boat and the oar should be at its maximum excursion
in the direction of the bow. Even though the blade is not fully submerged, force
begins to appear on the pin due to the athlete applying force down the loom which
is measured as force towards the bow of the boat. Force sensors bound to the loom
of the oars would not show such early loading.
C: Onset of the drive - after the catch but before the knees pass 90◦
The oar has entered the water and the athlete applies load to their handle causing
an onset of force to appear on their pin. Their oar starts to move back towards
the bow of the boat and their legs start to extend as effort is exerted. In higher
performing crews there is a local maximum in the acceleration trace at this point
caused by the athletes achieving force on the pin before full force is applied to the
foot stretcher (a product of good timing). It is considered beneficial to achieve a
large initial acceleration in all boat types (sculling and bigger boats). It is also
possible that some crews will only demonstrate this peak at higher intensities and
not during paddling.
C → D: Knee angle travelling through 90◦ (no photo available)
Through this phase of the drive, maximal pin force is achieved as the legs and
hips extend. In all crews where there is an initial peak acceleration (C), there is a
corresponding trough as the knee angle approaches 90◦. This is attributed to the
sum of foot stretcher forces exceeding pin forces at this point in the stroke and
for sweep rowing is influenced by the dominant hand in which the athlete applies
their pull on the handle. In order to minimise or ideally eliminate this trough,
coaching strategies should be sought to maintain the pin force greater than the
foot stretcher force as the legs go down. It is possible that the ratio of crew weight
to boat weight predetermines a crew’s ability to minimise this trough.
D: Oar at 90◦ to the boat
The second boat acceleration peak during the drive typically occurs as the oar is at
90◦ to the boat. The mass of the athlete is now predominantly acting vertically into
the seat and therefore less horizonatal force is experienced on the foot stretcher.
Although the horizontal component of force on the pin has started to decrease,
a reduced horizontal foot stretcher force means that the pin force is producing
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a greater net force on the boat. Additionally, the oar at 90◦ to the boat causes
more of the achieved pin force to be applied in the direction of travel. Achieving
this peak at or before 90◦ is preferable. Elite data shows that it is feasible for the
values of the first and second acceleration peaks to be virtually equal.
E and F: Finish
Athlete exertion has occurred and the blade is extracted from the water at the
end of the drive, or finish, of the stroke and turned into the feathered position.
Acceleration will be tending towards zero. Different crews have different levels of
acceleration oscillation around the finish, often caused by being rough with the
oar or pulling on the foot stretcher to stop themselves travelling further towards
the bow. If the initial oscillation is positive and the second negative this is a good
artefact. If the reverse is true, oscillation should be considered detrimental to
performance and minimised.
F → G: Arms and Body recovery
The oar handle is moved from its minimum excursion against the body of the
athlete back towards the stern of the boat. The athlete follows the handle first
extending their arms, then pivoting their hips to redistribute their mass onto the
foot stretcher and finally starting to bend their knees. This phase of the stroke is
called the recovery. The acceleration of the boat peaks again during the recovery
as the athlete redistributes their mass in the boat and the knees start to rise. This
is the point where the boat is moving its fastest. There are different coaching
options available during this phase of the stroke: the athlete may move their
hands slowly away from the body requiring a faster seat movement or move their
hands quickly requiring a correspondingly slower seat. These alternative strategies
will have implications on the boat acceleration away from the recovery and into
the catch and potentially upon the maximum velocity achieved within the stroke
cycle.
Chapter 2
Skills Training and Technology in
Rowing
2.1 Determinants of Rowing Performance
In Olympic rowing classes, performance is described as the time to cover 2000 m
(t2000m) as laid out in the Fe´de´ration Internationale des Socie´te´s d’Aviron Rule
Book (FISA, 2013). Deterministic models help provide a starting point to under-
standing what contributes to a superior performance with (Kleshnev 2011 p. 108)
and (Altenburg et al. 2012 p. 18) recently providing multi-disciplinary models of
rowing that include physiological aspects such as power, strength and endurance
and other athlete traits including intellect, competitive characteristics such as mo-
tivation and mental-toughness as well anthropometrics. These components can be
summarised as the capability of an athlete to perform work. Models by Korner
and Schwanitz 1987 p. 104, Dal Monte and Komor 1989 p. 61 and Soper and
Hume 2004 p. 832 focus specifically on biomechanical contributions to perform-
ance, alternatively described as the ability of the athlete to transfer their metabolic
work effectively and efficiently into boat moving mechanics. Other frequently used
terms for efficiency include velocity cost and economy.
Figure 2.1, taken from Soper and Hume 2004, demonstrates how total race
time can be decomposed into mean velocity per stroke and acceleration (boat level
characteristics) through simple mathematics. Acceleration is the result of rower
mass redistribution during the stroke and all external forces acting on the boat,
including propulsive forces applied by the individual athletes and resistive forces
acting on the rower/boat system (Zatsiorsky and Yakunin 1991). The challenge
for the biomechanist is to devise strategies that have a positive effect on one area
of the model without having a related negative effect on another.
30
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Figure 2.1: Biomechanical deterministic model of rowing (Soper and Hume 2004).
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Figure 2.2 presents example hull kinematics with vertical lines indicating the
catch and finish of the stroke, calculated as the maximum and minimum blade ex-
cursion of the oar respectively. During rowing boat locomotion, the boat velocity
varies as the crew moves from the catch to the finish (drive) and returns to the
catch ready for the next stroke (recovery). Research suggests that hull velocity
fluctuates 24 % above and 19 % below the mean velocity (Martin and Bernfield
1980). Historically available indexes of rowing efficiency based on velocity fluc-
tuations are provided by Dal Monte and Komor 1989 while Hill and Fahrig 2009
propose the measure dt2000m to compare the difference between a hull moving with
velocity fluctuations and the same hull with the same physiological power moving
theoretically with no velocity fluctuations. They suggest that over 2000 m, dt2000m
would typically equate to about 5 s (in a coxless pair) which is significant when
compared against results from the London Olympic Games (2012)1 where the
mean dt2000m between winners and medalists was 3.9 s and between winners and
6th place was 11.3 s. An innovation known as the sliding rigger was created in the
early 1980s that dramatically reduced the movement of the athlete’s mass within
the hull. Although this innovation was promptly banned by FISA, it provided
insight into its benefit which was modelled to be between 2 s and 3 s over 2000 m.
This indicates that reducing velocity fluctuations in a traditional sliding seat boat,
where the weight of the athlete is required to move within the hull, is likely to
only achieve marginal improvements in dt2000m.
Modifying stroke rate has been proposed as a strategy for increased perform-
ance. Martin and Bernfield 1980 show a significant relationship between stroke
rate and boat speed as a result of a higher percentage of time spent during the
drive of the stroke than the recovery and hence the athlete delivers more power
during a stroke cycle. Mathematical modelling performed by Hofmijster et al. 2007
agrees that the power generated by the rower increases with stroke rate but also
concludes that net efficiency increases. Baudouin and Hawkins 2002 discuss the
physiological effects of higher stroke rate further, highlighting the need to match
the velocity of an athlete within the boat to the optimal muscular contraction velo-
cities for power production. They also state that an increased stroke rate reduces
the recovery time between muscular contractions, thereby limiting the opportun-
ity to replenish oxygen to the muscles and reducing the athlete’s ability to work at
maximal aerobic capacity. Hill and Fahrig 2009 propose a moderate reduction in
stroke rate to reduce hull velocity fluctuation, combined with an increase in force
output for each stroke. It can be concluded that there is an optimal stroke rate
that optimises the relationship between resistive forces acting on the hull due to
velocity fluctuations, optimal muscle activation patterns of the athletes and the
1www.worldrowing.com/events/2012-olympic-games
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Figure 2.2: Example aligned hull kinematics of a single rowing stroke. Data
courtesy of Great Britain Rowing Team.
ratio of time spent during the drive and recovery of the stroke.
The influence of hull kinematics has been researched with particular reference
to the asymmetric application of work in a coxless pair. Smith and Draper 2005 re-
searched this effect and promoted the minimisation of the net moment and hence
the minimisation of hull yaw through optimised timing while Roth et al. 1993
described a distinct temporal difference in force application between 16 highly
trained stroke side and bow side rowers producing links to muscle fibre constitu-
tion adaptations developed over years of training. This difference may have been
due to the side that the athlete rowed or whether they typically rowed at stroke or
bow position in the two man boat. McBride et al. 2001 support the seat specific
force application finding and demonstrate that selection of specific crew partners
increased performance by 4 % over their control group. Baudouin and Hawkins
2004 demonstrated that, through the creation of new pair combinations, certain
athletes adapted their rowing style to suit their new partners suggesting the reli-
ance on kinaesthetic feedback. In contrast to findings in pairs, Hill 2002 promoted
crew synchronicity and not seat specific technique during his research involving
20 elite lightweight oarsmen training in either coxless fours or an eight.
As well as modified technique, athlete set-up may be adjusted in an attempt
to optimise efficiency. Boat rigging influences the ability of an athlete to row an
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optimised stroke arc and crews have, over the years, standardised their rigging for
particular boat types. These values, along with detailed descriptions of proced-
ures and terminology, are readily available in rowing texts (Nolte 2011). At a more
scientific level, various research groups have created mathematical models that ac-
cept different input parameters for athlete anthropometrics, power characteristics,
kinematics, boat type and boat set-up in an attempt to simulate and eventually
optimise the resulting kinematics of the rowing hull (Findlay and Turnock 2010;
Formaggia et al. 2010; Pelz and Verge´ 2014; Serveto et al. 2010). For these models
to be useful they need to be publicly available and fully validated against measured
data.
Foot stretcher positioning is often an input to mathematical rowing models and
is the main area of experimental research into the set-up of athletes. Soper 2004
adjusted foot stretcher angle, Caplan and Gardner 2005 adjusted foot stretcher
height while Emery 2008 adjusted foot stretcher position towards the stern or the
bow of the boat. Soper reported an increased power output with foot stretcher
angle on an ergometer as the angle was increased from 36◦ to 46◦. These find-
ings were gender specific and attempts to replicate findings in a boat by Soper
were hampered by the challenges associated with collecting kinematics on water
(perspective error or difficulty using electrogoniometers with a telemetry system).
Although it is not clear how their neutral ergometer foot stretcher position was
determined, Caplan and Gardener reported reduced rates of fatigue, increased
force production and stroke shortening as the feet were raised with links made
to changes in posture and muscle activation patterns. Emery reported that foot
stretcher positioning did affect peak stroke acceleration and promoted the use
of instrumentation in order to ascertain an optimal set-up. While the current
research will focus on the effect of providing enhanced biomechanical feedback,
athlete set-up will be considered as part of the rowing optimisation process.
While the key determinants of on water performance from the rowing literature
based on experimental findings have been presented, the reader is directed towards
biomechanical rowing review papers performed by Dal Monte and Komor 1989,
Zatsiorsky and Yakunin 1991, Secher 1993, Shephard 1998, Ogurkowska et al. 1999,
Baudouin and Hawkins 2002 and Soper and Hume 2004 for a further handling of
this topic. While there are excellent accounts of different styles and techniques in
rowing and mathematical solutions for the equations of rowing locomotion, there
is no water-based research that experimentally determines the optimal rowing
technique in terms of boat set-up, muscle activation patterns or optimal blade
force characteristics for a particular dimension of athlete or boat type. Soper and
Hume conclude their review by stating:
‘there is limited research on the ideal rowing technique or how a rower’s
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. . . set-up could help improve optimised rowing performance.’
A likely explanation for equivocal findings is that the rowing system is very
complex with interactions between equipment type, construction and set-up, fluid
dynamics, aerodynamics, external weather conditions and unique athlete physiology,
biomechanics and psychology, all of which make performing controlled studies very
complicated. For example, performing repeated trials on the same crew two days
apart might be critiqued as invalid due to the crew experiencing different levels of
fatigue as a result of training periodization, different levels of motivation or having
experienced a learning effect from the original trial. Changes in weather condi-
tions may also affect results and hence experimental design is very important. It is
also possible that the equipment available to perform water-based measurements
may not be accurate enough to measure the subtle differences in performance that
are expected within an elite group of athletes. Rather than attempting specific
cause and effect studies, it might be preferable to work towards a best-practice
protocol for crew optimisation, a protocol that should include a multi-disciplinary
approach. With these thoughts in mind, this research sets out to propose and test
various hypotheses of increased rowing efficiency through altered rowing technique,
aided by the use of augmented biomechanical feedback.
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2.2 Rowing Biomechanical Feedback
Technology
Collecting biomechanical rowing data on the water today is a routine operation
although this was not always the case. One of the earliest records of force meas-
urement in rowing was by Atkinson 1896. Bachev et al. 1987 suggest that data
collection in rowing became more prevalent in the 1970’s and 80’s and present
analogue data in their report resulting from custom built apparatus, results that
are comparable with data provided by today’s modern instrumentation equip-
ment. Several research groups have developed their own instrumentation systems.
Draper and Smith 2006 use a system developed in Australia over several years that
collects boat velocity, acceleration and yaw, 2D pin force, pin angle and propulsive
foot stretcher force using a combination of impellers, accelerometers, gyroscopes,
potentiometers, piezo-electric sensors and shear beam load cells. Earlier research
by the group also report seat position (Loschner and Smith 1999). Other groups
that have developed custom equipment include Krumm et al. 2010 who have en-
gineered a foot stretcher arrangement that measures independent left and right
foot forces in 3D and have specific heel measurement, useful for measuring heel
strike timing. Bettinelli et al. 2010 have also developed an elaborate system of
instrumentation and calibration for use on water. Alternative data collection ap-
proaches include video based techniques (Hildebrand et al., 1998) that focus on the
collection of body kinematic information and inertial measurement units (Sabatini
and Genovese 2006; Llosa et al. 2009; Gravenhorst et al. 2011).
With such a prevalence of research in this field, it should be asked why re-
searchers do not use standardised equipment. The reason for this is likely to be
the lack of commercially available systems on the market at the time of the re-
search and also a desire to have competitive advantage over other countries. This
problem is beginning to be resolved with GBRT using the commercially available
Powerline system2. This system is becoming widely adopted around the world
due to its reliability and robustness (investigator’s personal experiential data) and
validity (Coker et al. 2011) and as a result it will be used in this research.
Selection of the most appropriate mode of biomechanical feedback is essential
to maximise skill acquisition rates of athletes. Beyond instructional feedback to
athletes, three forms of feedback are discussed in rowing: reports, video synchron-
ised with data and real-time feedback (Smith and Loschner 2002). The first two
feedback techniques are the simplest to implement and provide almost unlimited
feedback options. Once the data has been collected, display possibilities are as
2Peach Innovations, Cambridge, UK
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varied as the coach can invent. Galloway and Draper 2008 present novel tech-
niques for race profiling to display acceleration, stroke rate and speed information
in both 2D and 3D formats. How clearly these techniques portray information
to the coaches and athletes come down to individual learning styles. Hume et al.
2005 mention the rowing sequential sequencing graph that is used in New Zealand
although examples of this presentation format are difficult to acquire. The article
suggests the format links slow motion video with graphs of particular phases of
the stroke, an example of video and data presented together. The drawback of
these feedback techniques is that data is only presented once per session and in a
passive way. That is to say that there is a long period feedback loop and there is
no opportunity for the athlete to experiment with ways to generate desired rowing
patterns during a skills training session.
Research that integrates real-time feedback into rowing practice often focuses
on descriptions of technologies rather than describing their application and typ-
ically begins with an indoor ergometer set-up with the future aim to move the
research to water, a goal that often goes unaccomplished (Page and Hawkins
2003; Cˇerne et al. 2011). Others have described their ergometer simulators. Zitze-
witz et al. 2009 present a real-time rowing simulator that provides multimodal
feedback in the form of visual, acoustic and haptic cues. This is an elaborate and
visually impressive set-up although the research rates its application based on a
questionnaire of feel and usability as a training tool rather than performing a skill
acquisition study making it difficult to rate its use for influencing rowing perform-
ance. Ruffaldi and Filippeschi 2013 describe a very similar set-up in which the
athlete is immersed into a virtual rowing environment and provided with visual,
vibrotactile, haptic and audible modes of feedback. They demonstrated that vi-
brotactile feedback and visual cues were most effective for enhancing mastery of
blade trajectory patterns and that multimodal feedback reduced the effectiveness
of individual feedback elements during a timing trial. It would be useful to repeat
the experiment with trained subjects to assess its influence on performance.
More detailed assessments of real-time feedback from an indoor environment
using experienced oarsmen are provided by Spinks and Smith 1994, R. Anderson
et al. 2005 and R. Anderson and Darling 2006. Spinks and Smith provided kin-
etic feedback of force and stroke angle and demonstrated its significant effect in
improving stroke consistency and associated power output over a 6 min maximal
rowing test. This paper explores psychological aspects of skill development and
feedback in detail, an area that will be explored in later chapters of this research
although, in conclusion, the paper states that the research did not establish a link
between kinetic feedback and skill acquisition. R. Anderson et al. 2005 provided
kinematic feedback of the shoulder and hip during 2000 m time trials and its ef-
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fect on kinematic consistency, stroke power consistency and performance. Only
kinematic and power consistency showed a significant improvement with detailed
feedback more effective than summarised feedback. The paper suggests that the
detailed feedback group may have experienced a learning effect during the trial
and describes the links between rower consistency and performance through re-
duced variability in hull accelerations, improved crew harmonization and metabolic
efficiency. A further ergometer based trial by the same research group (R. Ander-
son and Darling 2006) provided video based real-time feedback of the participant
and a model athlete during seven incremental stroke rate trials. Conflictingly,
this study demonstrated a significant improvement in rowing performance in the
experimental group and further promotes the selection of appropriate feedback
techniques during coaching.
At this point, the question should be raised whether it is appropriate to re-
port increases in rower skill performance based on a land-based trial. Lamb 1989
draws the conclusion that ergometer rowing on the Stanford rowing ergometer3
does simulate on water rowing, a finding supported by Elliott et al. 2001 on the
RowPerfect ergometer4 and Marcolin et al. 2015 on a Concept 2 ergometer5. Baca
et al. 2006 compared kinetic measurements of ergometers with and without slides
and on water rowing and their findings demonstrate that the ergometer on slides
more closely represents on water rowing. Dawson et al. 1998 looked at temporal
differences across the whole rowing stroke and demonstrated that the recovery
phase differed between land-based ergometry and on water rowing although it is
not clear which ergometer was used in this study. Hofmijster et al. 2008 attemp-
ted to limit the effects of velocity fluctuations on power production by fixing a
sliding ergometer to a servomotor that acted as a linear damper. The elaborate
indoor set-up aimed to accurately measure gross mechanical efficiency. Performing
studies in a laboratory using a rowing ergometer are inevitably more controlled
than operating in outdoor conditions and simplify the challenge of data collection.
However, it is inconclusive whether this is an acceptable strategy for demonstrat-
ing skill development. Attempting a proof of concept on a land-based sliding
ergometer is therefore under consideration for this research.
Water-based real-time feedback systems in rowing do exist. Commercial boat
level feedback systems include the Stroke Coach6 that was created in 1984 followed
by the Speed Coach in 1985. These devices rely upon a magnet mounted on the
seat and an impeller mounted under the hull of the boat which has proved suitable
for rowing on rivers and lakes although the drag from the impeller is not acceptable
3Robert Austin Co., Stanford, USA
4RowPerfect UK, Shepperton, UK
5Concept 2, Nottingham, UK
6Nielsen Kellerman, Boothwyn, PA
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in high level competition. Rather than impeller based systems, alternatives such
as the more modern GPS based Speed Coach GPS7 and the Minimaxx8 have been
adopted for elite racing on still water although their absolute accuracy is not of
the same resolution as impeller based devices (Harfield 2010).
The application of audible feedback to water rowing has been researched by
Dubus 2012, Dubus and Bresin 2015, Gauthier 1985, Schaffert et al. 2011 and
Schaffert and Mattes 2015 using a range of variables including pitch, volume, ste-
reo balance, timbres, tempo, verbal commands and musical effects, e.g. reverb and
vibrato. Each study demonstrated that athletes could extract useful detail from
an audible representation of the rowing stroke although concerns were voiced that
further research should be performed into its practical application within rowing
training programmes. Most recently, smartphone developers have become involved
in rowing utilising the myriad of sensors built into modern devices. Kastner et
al. 2010 present an Android based application that displays GPS speed, quality
of acceleration (accelerometer), direction and balance (gyroscopes and magneto-
meters) in real-time. RowinginMotion9 is a commercially available application
that presents real-time acceleration traces, stroke rate, speed, distance travelled
and heart rate (with relevant peripherals) and offers sonification and synchronised
video and data capture.
All of these systems described so far provide real-time feedback to a rower
whilst on the water although at a boat level only. In a single sculling boat this
is also athlete level feedback but in a crew boat, athlete level feedback may be
more relevant. Athlete level, real-time feedback systems also exist. Smith and
Spinks 1989 present a very early laptop computer based system able to present
athlete level force and angle data although no specific feedback based research was
performed. A similar but more modern commercial system has been released in
America called SmartOar10. These systems provide feedback only for the coach to
interpret and relay feedback verbally back to the athlete which is a progression on
post-session based feedback but feedback directly to athletes would be preferable.
Peer reviewed examples of systems that provide real-time athlete level feedback
directly to the athletes include Smith and Loschner 2002, Soper et al. 2002 and
Collins 2011. Smith and Loschner describe the Rowsys2 instrumentation system
that displays real-time feedback to the athletes via a palmtop computer. The
choice of a palmtop for use in the boat over a laptop used for the coach highlights
the restricted space available within a rowing boat. The research focused on the
interpretation of the data from a single scull and a pair oared boat and failed
7Nielsen Kellerman, Boothwyn, PA
8Catapult Sports, Melbourne, Australia
9www.rowinginmotion.com
10SmartOar Technologies, Breckenridge, CO
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to determine the effectiveness of real-time feedback to the athletes. Soper et al.
researched the effectiveness of the Google’s Training System (GTS) for on water
rowing. This video based modality failed to provide significant findings explained
in the study due to experimental design although coaches and athletes provided
very positive verbal feedback of the system. Collins built a custom system of
boat instrumentation that included a real-time feedback display but due to its
complexity, no on water experimentation was performed. This study, along with
Turner 2008, is interesting because it supports the use of the IEEE 802.11 standard
(Wi-Fi) for the application of transmitting rowing telemetry over the water.
On the commercial side, two systems provide real-time athlete feedback dir-
ectly to athletes. RowX Outdoor11 provides eight different interfaces representing
parameters such as stroke length, power, force and speed in numerical and graph-
ical formats (interfaces available in appendix E). OarInspired12 is due to launch in
late 2015 and provides very similar functionality using wireless technologies. These
systems were not evaluated as part of this research due to system availability and
an inability to experiment with interface design.
Altenburg et al. 2012 describe the German methodology, considered to be the
world leading nation in the application of feedback in rowing. The Institut fu¨r
Forschung und Entwicklung von Sportgera¨ten (FES) have developed a system that
relays real-time feedback to athletes and coaches (Figure 2.3) and the book ex-
plains that before real-time feedback was provided, technical faults were identified
but typically inadequately rectified. Reasons for this were given as the effect of
fatigue making it difficult to apply sufficient levels of concentration and that sub-
jective information was insufficient to monitor detailed technical change, even by
an experienced coach. Before feedback training begins, an incremental stroke rate
test would be performed to identify the technical focus of the feedback training.
During the feedback training block itself, objective feedback would be presen-
ted (graphical and numerical information) until the desired rowing pattern was
achieved at which point the feedback would be progressively removed. Retention
tests indicated that the acquired skill was retained even under the pressures of
competition. Two to four training units are proposed in a short intervention of
skill reinforcement and > 10 training units for skill acquisition. Unfortunately, due
to competitive advantage, the German rowing feedback system is not commercially
available to competing nations.
This research aims to build upon the German example of augmented feedback
provision in rowing. The feasibility of implementing athlete level water-based real-
time feedback across a Wi-Fi network is considered including research surrounding
11Webasport, Wien, Austria
12Queensland, Australia
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Figure 2.3: FES measuring and training system (Altenburg et al. 2012).
network performance on water and a coach driven control infrastructure. Com-
mercial Off-The-Shelf (COTS) technologies will be employed wherever possible
and the research will consider a range of display options to allow for viewing in an
outdoor environment. Modern hardware such as heads up displays13 (Hoskinson
and Naugle 2012) will be considered. In order to test novel rowing parameterisa-
tion, interface design and feedback strategies, a parallel land-based skills training
environment will be created. This research will build upon motor learning theory
and modern design practices to evaluate the suitability of an indoor simulator for
skills training in elite rowing.
13Recon Jet, Recon Instruments, Vancouver, BC
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2.3 Motor Control and Learning
In a sport such as football, the resulting direction of the ball gives a player ex-
trinsic feedback about their performance. In rowing competition, athletes receive
only subtle feedback such as the sound of their oar’s interaction with the water,
visual feedback of their crew mates and how far the boat has travelled between
blade puddles of consecutive strokes, haptic feedback through their feet, seat and
handle, balance information from their ears and intrinsic proprioception. However
in training, a coach provides verbal extrinsic feedback and it is also possible to
provide augmented feedback including the presentation of force application, stroke
length and hull acceleration providing a clear closed-loop feedback pathway using
various feedback modalities. The application of feedback in sport is the domain
of motor control and learning theory (MCLT).
Augmented feedback has been applied in a range of sports. In gymnastics,
Baudry et al. 2006 demonstrated audible concurrent feedback led to retained im-
provements in body segmental alignment while auditory and visual feedback was
used to effect improved running economy on a treadmill (Eriksson et al. 2011).
Audible feedback was also applied to carving skills in skiing (Kirby 2009) and
to learning shooting skills (Konttinen et al. 2004). The selection of auditory
feedback in the above studies is possibly due to the logistical issues associated
with mounting visual displays in non-vehicle sports. Experiments have also been
performed in rowing providing visual, audible or haptic feedback on land-based
simulators and on water (appendix B). Visual feedback has been demonstrated to
modify physiological output on simulators (Spinks and Smith 1994) and achieve
skill training on water (Mattes et al. 1997). Dubus 2012 has successfully tested
elite rowers ability to distinguish meaning in auditory feedback while Schaffert
et al. 2011 have demonstrated technical skill improvement.
According to Thorndike’s Law of Effect (Thorndike 1927), responses to a situ-
ation that is followed by satisfaction are strengthened. In the field of sports, this
would suggest that an athlete will associate more closely with a successful per-
formance than an unsuccessful one, so long as knowledge of the result is available.
This law has been interpreted to suggest that learning cannot occur without feed-
back because feedback strengthens the association between the stimulus and the
response (Salmoni et al. 1984) although Adams 1971 and Schmidt 1975 highlight
that feedback is always present during human movement as intrinsic feedback or
proprioception. Augmented or extrinsic feedback is defined as. . .
‘. . . information about performing a skill that is added to sensory feed-
back and comes from a source external to the person performing the
skill’ (Magill and D. I. Anderson 2014).
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Possible sources of augmented feedback could be an observer or sensory devices.
Adams 1971 proposed a closed-loop theory of human motor control. He con-
sidered a human to rely on peripheral and perceptual feedback to initiate move-
ment and provide error estimation from a model of the intended movement stored
in memory. Schmidt 1975 presented his schema theory that built upon Adam’s
work but attempted to solve the degrees of freedom problem by describing a gen-
eralised motor program (GMP) that contained general rules for specific classes of
movements rather than a representation of every possible movement. For ballistic
or rapid movements, minimal feedback was used with the movements recalled from
memory producing an open-loop system while, for slow movements, recognition
schema were adopted to manage movement error estimation based on feedback
pathways. The major issue with schema theory and the GMP when considering
motor learning was ‘how is the GMP initially formed?’. Ecological theory provides
an alternative approach to understanding motor learning (Newell 1991). Learning
is considered less as a memory intensive rule based activity, instead it refers to
the optimisation of a human’s mappings between the perception of the activity
taking place and the optimal action that should be executed. Practice within
a range of scenarios will help to maximise perception efficiency. As a result of
a mirror-tracing task, Snoddy’s classical Power Law of Learning (Snoddy 1926)
states that performance time for a skill involving motor and perceptual systems
tends to decrease with practice as a function of a power law. While it is considered
to accurately reflect the relationship between practice and performance, attempts
to date to experimentally test these theories have not been successful.
Skill development has been modelled by Gentile 1972 as a two stage process
and by Fitts and Posner 1967 as a three stage process (figure 2.4). During the
cognitive phase of the three stage process, the learner has little knowledge of the
skill and relies upon feedback provided during motor task execution for guidance
(concurrent feedback). The learner attempts to understand how to perform the
skill and is supported by positive reinforcement from an instructor. Detailed cues
that are relied upon in this phase later become autonomous and unnoticed.
Motor learning is defined by Wulf et al. 2010 as ‘a relatively permanent change
in a person’s capability to perform a skill’. While a successful performance may be
achievable in the cognitive phase of learning, learning does not occur until the as-
sociative phase where it is considered unhelpful to provide concurrent feedback or
guidance to a learner because it attenuates intrinsic feedback pathways (Salmoni
et al. 1984), can lead to a dependence and makes the performance less consistent
because the learner is continually adjusting to small performance errors (Schmidt
and Lee 2011). It is considered more appropriate in the later phases of learning to
provide a summary of performance following motor task execution (terminal feed-
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Figure 2.4: Stages of motor learning.
back). This allows the learner to develop a motor program to link proprioceptive
feedback with results of the task (schema theory).
As the learner improves further, they rely less on feedback and enter the
autonomous phase. Because of the autonomous nature of task execution, less
cognitive processes are required and therefore distractions can be ignored and
other simultaneous activities, such as talking, may be performed. In this third
stage it is assumed that the skill has been learnt or retained and feedback is only
used for periodic monitoring.
As well as categorising feedback as either concurrent or terminal, Newell and
Walter 1981 discuss the differences between knowledge of performance (KP) and
knowledge of results (KR). KP is information about how an action was completed,
e.g. whether an elbow was kept straight during a golf swing. Gentile 1972 first
introduced this term and it coincides with the development of video feedback
where such detailed information first became available. Newell and Walter discuss
the advent of kinematic and kinetic sensors that can further reveal the details of a
performance. KR is a measure of the outcome of a performance such as whether
a goal was scored or a putt went in the hole. In sport, KP could be considered
to generate an internal focus of attention while KR creates a more external focus
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with evidence suggesting that KR supports motor learning (Shea and Wulf 1999).
The distinction between these feedback categories is blurred in cyclical sports
such as rowing. In a discrete task (e.g. a ball throwing task, Janelle et al. 1995),
the on-line presentation of the arm’s movement is both concurrent and KP while
the final position of the ball is both terminal and KR feedback. Equally, KP
information could be provided after the event as terminal feedback. However in
rowing, the rowing stroke repeats continually and so it is not relevant to provide
KP information as terminal feedback since the rower would already be executing
the next stroke. Therefore, only two forms of feedback are considered for rowing:
• Concurrent KP feedback: Kinematic or kinetic information delivered as soon
as the data is sampled with minimal data latency or intermittency.
• Terminal KR feedback: Summarised information about a stroke level para-
meter derived from kinematic or kinetic information.
It is not considered beneficial to provide feedback after every trial because
it doesn’t give time for the learner to perform error estimation. Alternative ap-
proaches include fading and bandwidth KR feedback provision although in these
cases, feedback timing is set by the coach or investigator (Sigrist et al. 2013a). In
the Janelle et al. experiment and research by Patterson and Carter 2010, groups
received different schedules of KR feedback including a group that selected when
feedback was provided. In both studies, participants in the self-selected feed-
back groups performed significantly better than other groups and explanations for
this finding include: adaptation to learner needs, focus on the current aspect the
learner wants to train and increased motivation since the learner is more involved
in the learning process.
It has also been found that learners request feedback after trials deemed to be
successful leading to increased self-efficacy (Wulf et al. 2010) although this finding
was not supported by Sigrist et al. 2011a during a rowing task, possibly due to self-
estimation of the task being too difficult. Any study or system providing terminal
forms of feedback should provide for learner determined feedback frequency. In
the rowing scenario with a feedback frequency less than 100 %, the feedback could
either be summarised across groups of strokes or only selective stroke data could
be displayed. Inserting artificial delays before presenting the data is not a viable
strategy because this would impact upon subsequent stroke cycles due to the
continuous nature of rowing.
Sigrist is part of a group of researchers that have extensively used rowing
as the candidate sport to test MCLT (table 2.1). Concurrent feedback studies
compare the efficacy of various feedback modalities. In the audible trials (2011b),
a complex combination of stereo balance, pitch and timbres were used to indicate
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oar position and orientation with the conclusion that visual feedback produced
the most effective movement guidance and that audible feedback required a longer
familiarisation phase. In the 2014 study, haptic feedback was also provided by a
path controller and the conclusion was that all modalities led to motor learning
although certain modalities should be exploited for certain types of movements.
Multi-modal feedback designs were not concluded to be superior to visual feedback
alone. In the 2013a review, a meta-analysis of feedback studies was performed
to conclude that there were specific mappings between task complexity and the
most relevant feedback modality to use and that multi-modal feedback, although
unproven, could be potent in catering for the widest range of task complexity.
Table 2.1: Swiss and Italian groups’ rowing motor control and learning research.
Paper Research Focus
Sigrist et al. 2013a Review of visual, auditory, haptic, and multimodal feed-
back in motor learning
Sigrist et al. 2011b Audible v visual concurrent feedback
Sigrist et al. 2014 Visual v audiovisual v visuohaptic concurrent feedback
Sigrist et al. 2011a Self-controlled terminal visual feedback
Sigrist et al. 2013b Concurrent visual, audible and haptic v self-controlled
terminal visual feedback
Rauter et al. 2013 Skill transfer from simulator to water
Salmoni et al. 1984 encourage researchers to perform retention tests without
KR following an intervention to monitor for the very different findings of perform-
ance and learning gains. Self-selected terminal feedback was compared against the
previously adopted concurrent modalities in the 2013b study with two separate
retention tests performed after day 4 and day 11. It was concluded that terminal
feedback achieved greater skill retention than concurrent haptic, visual or auditory
feedback due to internalized aspects of the learning though different frequencies
of terminal feedback were not tested. In line with existing research (Salmoni
et al. 1984), the researchers commented that concurrent feedback produced the
highest attained performance due to the participants being able to prepare their
movements rather than react and it was suggested that a blend of concurrent and
terminal feedback might provide the optimal learning environment.
Transfer of training is defined as ‘learning of a response in one situation [that]
influences the response in another’ (Adams 1987). Efforts have been made to study
the transfer of land-based training with traditional water based environments.
Rauter et al. 2013 trained four recreational rowers in a multi-modal virtual reality
simulator with a further four control participants trained by a qualified coach in a
water environment. Ten measures of biomechanical performance as well as qualit-
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ative video analysis by an expert were comparable between the two environments
making the simulator environment a cost-effect means of training rowers.
It is difficult to relate these research findings to an elite rowing population
or to a realistic rowing stroke. The handle tracking tasks were categorised as
a rowing skill although its relevance to making boats travel faster in water is
questionable. For example, participants expected the handle velocity to be quicker
than 10 strokes per minute and this formed a bias on the results. Wulf and
Shea 2002 consider a task to be complex if ‘it cannot be mastered in a single
session, has several degrees of freedom and it is ecologically valid’. In each of the
afore mentioned studies, the ecologically valid criteria was not met suggesting that
the tasks were insufficiently complex. Additionally, the concurrent and terminal
feedback studies involved non-rowers since trained rowers would have been over
familiar with the task. In order to relate these findings to elite rowing, a realistic
rowing task and a skilled rowing population should be studied.
A final study by Shea et al. 1999 is considered relevant to the design of a rowing
based MCLT study. In this work, training individually or as part of a dyad was
the independent variable with support given for the hypothesis that physical and
observational elements of training would lead to more effective as well as more
efficient learning due to dialogue between the learners and the rest period giving
the learner an opportunity to engage in alternative forms of cognitive processing
without the need to perform the motor skill.
The theories, models and highlighted studies in this review form a basis for the
design of an optimal study involving high performance rowers in skill development.
The study should include concurrent and terminal forms of feedback leading par-
ticipants through the three phases of skill development. The technology should
have provision for self-selected terminal feedback frequencies and training should
be performed in dyads. Multi-modal concurrent feedback should be considered
and measures of retention as well as performance should be made. Experimenting
on water is the most ecologically valid and avoids the need to artificially simulate
the rowing movement although at the same time it is less controllable than a study
performed in the laboratory. Skill change would be the dependent measure of a
study in this area and within an experienced group of rowers, the measure is ex-
pected to experience only marginal variation. Outdoor environmental conditions
such as wind may mask findings. The other issue with performing a cognitive
training study on water is that the participants should have the ability to exper-
iment with their rowing stroke. Attempting this in a one person sculling boat
raises safety concerns (collisions or capsize) while experimenting with skill change
in a crew boat would make rowing with others extremely difficult.
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2.4 Human Centered Design
The CHAOS-report (The Standish Group 1995) provides a survey of the success
and failure rates of 8,380 software projects undertaken by 365 IT managers in
the United States. The motivation for this work was a paper comparing bridge
building to IT projects whose findings showed that bridges were typically built on-
time, to budget and without falling down (failure) while software projects showed
reversed trends. Attributions for success in bridge building were given as extremely
detailed and frozen designs and a formal process existing to review a project where
a bridge had failed. No such formality is performed in IT projects.
The survey highlights that success rates of IT projects surveyed was 16.2 % with
the most often used reasons for failure given as a lack of user input and incomplete
or changing user requirements while a prominent reason given for successful project
outcomes included proper planning. In an attempt to ensure that the rowing
biomechanical feedback system was a successfully delivered and adopted system,
it was therefore pertinent to follow recognised practices relating to the involvement
of users and capture of user requirements and to the software development lifecycle.
Human Centred Design (HCD) for interactive systems is an international
standards (ISO 9241-210, 2010) approach to:
‘. . . systems design and development that aims to make interactive sys-
tems more usable by focusing on the use of the system and applying
human factors/ergonomics and usability knowledge and techniques’
Benefits of involving users in the design process include:
• greater system understanding hence more effective use,
• improved usability and hence reduced user training and support,
• an improved user experience, greater productivity and accuracy,
• reduced discomfort and stress,
• improved levels of system acceptance,
• a more efficient design process,
• competitive advantage,
• the ability to turn a good idea into an outstanding one.
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(Damodaran 1996; Maguire 2001b; McClelland and Suri 2005; ISO 9241-210,
2010). Achieving a competitive advantage and turning a good idea into an out-
standing one are themes that resonate well within elite sport and make the design
process more efficient.
The difficulty for the novice in adopting HCD is that there:
‘. . . is substantial literature in this area and much of it is confusing.’
(Shepherd and Stammers 2005).
Gulliksen et al. 2003 describe the application of their 12 key principles of user
centred systems design in the context of a case handling tool for the Swedish
National Tax Board (different authors use different names for what is now referred
to as HCD). Maguire 2001b describes four key HCD principles and continues to
provide a thorough description of 36 different activities that should be undertaken.
McClelland and Suri 2005 present four phases to involving people in design and
discuss selection of users to involve. They continue by listing 58 different activities
that may be followed although in contrast to Maguire, they rank their applicability
for achieving specific outcomes giving an indication that not all activities should
be followed in all instances.
The reasons for such a range of contrasting case studies and papers instructing
upon HCD is due to the specific nature of projects and organisations meaning that
there can be no programmatic or prescriptive approach (Clement and Van Den
Besselaar 1993). Improvisation is even suggested. The distinct characteristics of
the rowing project are that the goal of the system is not easily characterised other
than an abstract desire to ‘make the boat go faster’ and that there is no existing
real-time feedback system that can be analysed for its strengths and weaknesses.
It also became obvious that, due to the pressures of elite sport, access to the
coaches and athletes would be enforced by the users rather than the design team.
The intentions of the HCD approach during this project was to better under-
stand the goals of the users, how best to meet the information requirements of
these goals and how the new system might impact upon the coaching process in the
future. Albers 1998 offers a distinction between a task and a goal by describing a
goal as an unstructured task that occurs in an unstructured environment. Rowing
may be considered an unstructured task with the coach and athlete predomin-
antly involved in decision making and problem solving rather than performing
well defined, prescriptive tasks. Albers suggests that in such a context, presenting
volumes of data is insufficient and would cause cognitive overload. Instead, the
goal of the user is to effectively organise the available information and hence the
goal of the system should be to provide simple access and clear communication
of the data. Otherwise, the system is likely to fail. Unfortunately, the resulting
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methodologies proposed in the paper are an ethnography, interviews and scenario
developments in group sessions which are not distinct from the myriad of activities
already highlighted. Although Albers successfully distinguishes the rowing goal
from a typical procedural factory task, he fails to shed further light on the process
of analysing the art of coaching.
Designed solution meets 
user requirements
Plan the human-centred 
design process
Understand and specify 
the context of use
Specify the user 
requirements
Produce design 
solutions to meet user 
requirements
Evaluate the designs 
against requirements
Iterate, where 
appropriate
Figure 2.5: Interdependence of human-centred design activities (ISO 9241-210,
2010).
Figure 2.5 provides a path through the HCD process. The starting point is to
produce a plan that would include activities and outputs taken from the available
literature that provide coverage of each of the subsequent stages in the context
of the rowing application. The following headings detail the activities relevant to
this research.
Context of Use
Context of use (CoU) is a clear statement of the intended users of the system,
characteristics of users (e.g. skill and knowledge level), the goals and tasks of
the users and the way in which these are performed and the environment within
which the system will be used (ISO 9241-210, 2010). Maguire 2001a provides an
exhaustive list of CoU factors and a worked example.
Maguire sites the benefits of CoU as providing an understanding of the circum-
stances in which a product will be used, helping to identify future users, addressing
usability issues and providing a shared view of the system among the design team.
With the assistance of an individual with good knowledge of the product, the ana-
lyst will document: a description of the product, identification of the users and
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stakeholders, identification of usability factors and any specific requirements or
test conditions. Any non contentious items can be completed in advance allowing
user meetings to focus on any outstanding issues.
Hierarchical Task Analysis
With the users and their goals defined, task analysis should be performed to: un-
derstand the tasks being performed, assess cost benefits of a new solution, appreci-
ate any constraints and interface with the client. There are varying approaches to
task analysis depending upon the task being considered: Cognitive Task Analysis
(CTA) is specifically interested in less physical tasks involving more cognition,
Hierarchical Task Analysis (HTA) is an all encompassing approach. Shepherd and
Stammers 2005 argue that at the outset of analysis, HTA should be used and spe-
cialist analysis techniques such as CTA or ethnography should only be adopted
if the need arises. In fact, where the designer is very familiar with a domain, it
may not be necessary to adopt formal approaches to task analysis with intuitive
judgement used instead. This decision needs to be offset with the possibility of
failure to fully develop a relationship with the client.
The concept of HTA, that was subsequently named as such, was first developed
by Annett and Duncan 1967 and included re-description of goals into subordinate
goals and considering each subordinate goal in terms of input, action and feed-
back. Goals are best described as verb-object instructions such as ‘repair printer’
or ‘post letter’. The decision to stop goal re-description is less clear with use-
ful mathematical formulae developed although this point is essentially when the
analyst has reason to stop. Shepherd and Stammers 2005 provide several worked
examples and flow charts are provided that demonstrate the output of this activity
in diagrammatic and tabular formats.
Collaborative Design Workshops and Brainstorming
Collaborative design workshops involve participants working in groups on design
issues facilitated by an investigator (McClelland and Suri 2005). They produce
tangible outputs including drawings or models taken from the participant’s in-
volvement perspective. Such a session can explore requirements and design fea-
tures and can define and evaluate user interfaces. In the context of the rowing
research, both outcomes are likely to be relevant. Maguire 2001b use the term
brainstorming to promote a similar design activity, describing it as a way of gen-
erating ideas and new designs and an opportunity for producing an innovative
system. With no base-line design for the rowing real-time feedback system, the
design area was very open with options ranging from a full set of detailed graphs
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of parameters relating to each stroke to a simple ”traffic light” display.
McClelland and Suri 2005 highlight that the biggest value of workshops is
that participants are encouraged to present their ideas in media other than verbal
or written. The group interaction also fosters cross fertilisation of ideas and ex-
periences. A clear agenda and description of the activity is required with clarity
around the intended outcome. Tasks should not involve steep learning curves with
participants able to become productive rapidly.
Prototyping
Prototyping is referred to frequently in the literature with Kangas and Kinnunen
2005 describing two smartphone projects that followed prototyping techniques.
The conclusion drawn from their case studies was that real usage context is es-
sential to give the user the ability to touch buttons and feel how the software is
working. Paper prototyping involves taking design workshop outputs and creating
paper-based simulations. These can be evaluated by users with the design team
either acting as the computer, manually moving elements of the display or through
video simulations. Software prototypes are a more realistic form of prototyping
allowing users to fully interact with the designs that will later evolve into a full
system (Maguire 2001b). Both authors promote the use of computer based rapid
prototyping tools.
User testing and evaluation
In order to evaluate the resulting design, user testing is performed to provide
feedback into the strengths and weaknesses of the system, assess whether user
requirements have been met and collect new information that might form future
requirements (ISO 9241-210, 2010). Testing may be performed from a range of
perspectives including an engineering approach, applied science approach, craft ap-
proach, sociological approach with evaluation performed against a referent model
such as other products, user requirements, design targets or industry standards
(Baber 2005).
A range of testing methods are available. From a technical programming per-
spective, program inspections and code walk-throughs will find a large percent-
age of errors followed by the adoption of appropriately written test-cases with
the intent on finding errors as opposed to demonstrating error free code (Myers
2004). At a system level, user-based and inspection testing are complementary
progresses. User-based testing can be performed throughout the system devel-
opment life cycle, including interface mock-ups and prototypes making it a cost
effective way of identifying design concerns early in the development. Inspection
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testing is performed by knowledgeable inspectors based on their previous exper-
ience of problems encountered by users (ISO 9241-210, 2010). The fundamental
goal of testing is to raise quality and reliability.
2.5 Human-Computer Interaction
The field of Human-Computer Interaction (HCI) originally drew on psychologicial
research but has become an ever expanding multi-faceted discipline encompassing
design, technology, psychology and human factors and ergonomics. Rogers et al.
2011 captures many of the fields of interest in HCI (figure 2.6).
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Product Design
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Industrial Design
Information Systems
Computer 
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Figure 2.6: Contributing academic disciplines, design practices and interdisciplin-
ary fields concerned with interaction design (Rogers et al. 2011).
Special interest groups have been set-up, such as the British Computer Society
Specialist Group on Human-Computer Interaction (BCS-HCI) and the Special
Interest Group for Computer-Human Interaction (SIGCHI) that involve profes-
sionals from a wide range of backgrounds including computer scientists, software
engineers, psychologists, designers and anthropologists to reflect the interdiscip-
linary process of designing useful and usable technology. SIGCHI defines HCI
as:
‘the study and practice of the design, implementation, use and evalu-
ation of interactive computing systems’
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Rogers 2012 extend the term HCI to ‘interaction design’ to reflect the wider scope
placing additional focus on the user’s interactions and experiences:
‘designing interactive products to support the way people communicate
and interact in their everyday and working lives.’
Cognitive psychology has been applied to HCI to help understand and predict
how humans process information (Proctor and Kim-Phuoung 2008). Memory is
categorised as either short-term (or working memory) or long term memory and
Miller 1956 introduced the concept of chunking elements of short-term memory
and highlights the limitation of humans to receive, process or remember between
seven (plus or minus two) chunks of information at any one time. The information
processing model in figure 2.7 is based on the ‘Model Human Processor’ (Card
et al. 1983) and illustrates how sensory information passes through short-term
memory, cognitive processing and attention scheduling before being committed to
long-term memory or triggering a motor activity.
Visual STM
Audio STM
Working 
memory
Cognitive 
processor
Attention 
scheduler
Long-term 
memory
Motor 
processor
Input
modalities
Output
modalities
eye
hand
ear
1
1
1
3
4
2
5
Bottlenecks
1. Capacity overflow: information overload
2. Integration: common message?
3. Contention: conflicting channels
4. Comprehension
5. Multi-tasking input/output
STM = short term memory
Similar to working memory:
limited capacity,
continuously overwritten
with new input
Figure 2.7: Approximate model of human information processing (Sutcliffe 2008).
Cognitive load is described as the amount of information processing required
of a user (Chalmers 2003) and given excessive load, the bottlenecks highlighted
on figure 2.7 lead to limitations in a human’s capacity to process additional in-
formation. Sweller 1988 founded Cognitive Load Theory (CLT) and suggested
that learning happens most effectively when the task is aligned with the cognitive
architecture of a human. He discussed the concept of schemas to describe the
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cognitive structures formed to make up a user’s knowledge base and explained the
difference between a novice and an expert by the lack of a task specific schema.
The concept of minimising cognitive load is considered key to the success of an
augmented feedback system, allowing an athlete to successfully process and act
upon feedback received. These models help to explain that excessive cognitive
load may be caused by inappropriate task complexity, insufficient time available
for processing or poor information presentation.
Stress is typically considered to result from exposure to physical external stim-
uli such as heat, noise or vibration. Instead, Szalma and Hancock 2008 suggest
that stress is mediated in the brain following goal-incongruent appraisal of ex-
ternal demands as either taxing or exceeding an individual’s resources to cope.
Therefore in the context of HCI, a cognitive task may be considered a stressor
in the same way as excessive heat or noise with the resulting stress leading to
a detriment in performance. Szalma and Hancock describe ways of making task
appraisal more goal-congruent through changes to the task or interface design. A
task should have the correct level of complexity, too simple and the user will ex-
perience decreased motivation, too complex and the task could exceed their ability
to cope. Additionally when cognitive workload is applied and stress is elevated
such as in the sporting context, resources available to process display information
are reduced and so simple interfaces that allow fast extraction of information with
minimal cost to working memory load are promoted. The creation of interfaces
considered to be ‘enjoyable’ is a further way of positively affecting mood state
during task appraisal, a concept termed hedonomics.
Further aspects of human cognitive psychology and behaviour include percep-
tion, comprehension, emotion, arousal, recall, recognition, learning and problem
solving (Johnson 2013) while the development and adoption of theories that help
describe, explain, predict, prescribe and deliver HCI activity are discussed by
Byrne 2008 and Rogers 2012. While these aspects may have an impact on inter-
face design they are not covered further as part of this review.
Poor information presentation has been highlighted as a potential cause for
cognitive overload and a resulting reduction in augmented feedback effectiveness
(Larkin and Simon 1987) although surprisingly there is a paucity of articles spe-
cifically describing the interface design process in sport. Recent attention has
focused on virtual reality environments (Miles et al. 2012). Of the > 20 research
groups that have performed research into augmented feedback in rowing (appendix
B), none of these have described an HCI approach to interface design and there-
fore practical guidelines are taken from general HCI literature that can be applied
to augmented feedback in the sporting context. Galitz 2007 and Watzman and
Re 2008 provide comprehensive and practical HCI guides including hundreds of
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interface guidelines focused on reducing decision making and interface completion
time. Chalmers 2003 describe screen design theories while Card 2008 provide a
useful chapter on novel information visualizations.
Colour
Colour should not be used alone for meaning, rather colour coding should be a
redundant and reinforcing design element or colour should be reserved for drawing
attention or the structuring of screen elements. Colour can provide qualitative in-
formation about a screen element, such as emotion or current status, and should be
considered a powerful tool to aid information absorption although used excessively
or inappropriately it can be distracting and increase cognitive load (Galitz 2007).
Colour should not be used simply for decoration although its use is considered to
make a screen more appealing (hedonomics).
No more than four primary colours should be used that are widely spaced on
the colour spectrum. Colours should be compatible, e.g. monochromatic or have
differing intensities of the same hue, while making them different enough to be
easily recognised. Foreground colours should clearly contrast from backgrounds
with research by Lalomia and Happ 1987 and Pastoor 1990 promoting cool dark
backgrounds. Due to the high-resolution nature of modern displays, Galitz 2007
most recommends the use of light-coloured, low intensity colours such as off-white
or light grey and it is assumed that this latest information supersedes earlier
research. Background colour selection should be made before foreground colour.
Colours have specific connotations that might conflict with intended meaning,
e.g. red can mean strong and exciting while also signal warnings or necessary
actions, and these connotations will be culturally different. With 8 % of the male
and 0.4 % of the female population colour blind (Galitz 2007), meaning should
not be implied exclusively through common colour blind combinations such as red
and green.
Page design
Page design should promote readability (the ability to comprehend information),
achieved through inviting designs and clear information hierarchy and navigation.
There should be visual structure and distinctly differentiated information types
with appropriate use of white space or borders to separate content with close
proximity of interface elements suggesting related information. Key elements of
an interface should appear in the primary field of vision thereby providing a clear
information hierarchy and access to the most relevant content.
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Alphanumerics
Watzman and Re 2008 provide a detailed history and characterisation of typefaces.
A typeface family is built around four core members: roman, bold, italic and bold
italic. Serif typefaces have short strokes that project from the end of letter strokes
and are generally accepted to be most appropriate for print material while simpler
sans serif are more appropriate for on screen reading.
A typeface has unique stroke weight, letter width, ascender and descender
length, x-height and axis symmetry. Grouping of letters into words, sentences
and multi-line paragraphs is discussed though of less relevance to this application.
The selection of typeface should promote legibility (the speed at which letters and
words can be recognised, influenced by perception of shape). Galitz 2007 promote
the use of typefaces that are plain, simple and proportional and highlight that
text in colour is less visible than it is in black.
Graphical visualisation
From rowing literature, Newell et al. 1983 found that graphical presentation of
time series data out performed parameter based information. Graphics can be
used as a short cut for communicating information, particularly if display space
is limited (Watzman and Re 2008). Graphics are language neutral, attention
grabbing and can add interest to a design (Galitz 2007). Spence 2014 describes
visualization as ‘the formation of a mental model of something’ or a tool to aid
‘making sense of data’ and to ‘support a human activity’ while Card 2008 state
that visual representations can amplify cognition and, in the context of the rowing
application, lists the following beneficial mechanisms:
• Visualisations can be processed in parallel while text is processed serially,
• Visualisations expand the working memory available for problem solving,
• Cognitive workload can be offloaded to the perceptual system, allowing in-
formation to stand out by appearance or motion,
• Visualisation allows the representation of large amounts of data in a small
space.
Visualisation guidelines specifically related to augmented feedback are more
difficult to find. The texts referenced here focus on web design, symbols, charts
and diagrams or situations that involve optimal search or navigation of large data
sets. They are useful for examples of good practice, raising awareness of the
variety of possible ways of presenting information. They also present visualisation
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techniques including how to apply mappings from raw data through to user views
and useful conceptual models such as the Human Action Cycle (Norman 1988).
Consistency
Consistency often appears in texts describing good interface design. If aspects
of an interface use inconsistent colour coding, sizing of text, unrelated icons or
the page design varies across a system this will not help a user to recognize and
interpret information. Watzman and Re 2008 promote the adoption of graphics
standards manuals to define how text, graphics and page design should be used
throughout organisations to communicate a common message to all audiences.
In the context of the rowing application, terminology, colour coding and content
should be consistent regardless of the interface selected by a user.
Testing an interface
The mechanism promoted to ensure that a resulting interface design is effective
and efficient is to undertake testing. Inspection methods (Cockton et al. 2008)
require no end users and limited resources and include: guidelines and standards
review, heuristic evaluation (Nielsen and Molich 1990) and cognitive walk-throughs
(Polson et al. 1992). Empirical methods such as usability tests (Dumas and Fox
2008) are more time consuming and expensive to run but should be performed
throughout the design process since the resolution of issues found late in the
design cycle will be costly.
Any usability testing involving end users should be piloted to try out the
evaluation materials and equipment, timings and session structure. Users are
often asked to perform ‘think-aloud evaluations’ in order to maximise the amount
of data collected during a test. Testing should be performed using the target
output device, in the environment of intended use and with potential end users so
that all HCI aspects of the design and user interaction are tested. A further way of
collecting user feedback data as a result of testing is through carefully constructed
surveys (Ozok 2008).
The process of evaluation involving users has already been raised during the
review of HCD. The more frequently the users are involved in the design process
and asked their opinion on design outputs, the more user engagement will be
achieved.
It can be concluded that while HCI should be applied to the sporting context,
the frameworks and guidelines available are not prescriptive and only provide guid-
ance and raise awareness of concerns that should be taken into account. In some
instances, guidelines may even conflict making it necessary to make trade-off de-
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cisions. As a result and where possible, skilled individuals with suitable experience
of a range of situations should be involved in the design process (Johnson 2013).
Chapter 3
Velocity Parameterisation
It is important to understand what biomechanical changes lead to be an enhanced
performance. A novel approach to quantifying velocity data in rowing is presented
with the potential for the algorithms to be computerised and hence displayed to
an athlete in real-time as augmented feedback.
3.1 Optimising Boat Velocity
A rowing boat system consists of a boat hull (including fittings that are fixed to
that hull), oars and athletes. The centre of mass of the oars and athletes are free
to move within a constrained range within the boat hull. Boat system velocity
fluctuations occur because of athlete propulsive and resistive forces acting on the
hull and oars during the stroke and due to the mass of the athletes and oars moving
within the system causing inertial impulses (Zatsiorsky and Yakunin 1991).
It would be optimal for the boat system velocity to be constant across a race
duration (Soper and Hume 2004). Constant velocity reduces exposure to peak
velocities where the hull experiences the highest levels of hydrodynamic drag while
in turn reducing the amount of energy wasted in the system through changes in
momentum. In such a scenario, the boat system would need to overcome the drag
forces acting on it through constant net force application by the athletes leading to
zero net acceleration as well as requiring an overall constant centre of mass of the
athletes and oars. Constant centre of mass would further optimise performance
due to a reduction in pitch resistance.
Syncopated rowing is one potential solution to make boat velocity constant.
Trials at London Rowing Club in the 1920’s demonstrated that while such a row-
ing strategy was possible, athletes faced the challenge of executing the recovery
phase of the stroke while other crew members were applying propulsive force.
In international competition, sychronised crew movement is universally adopted
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instead.
Rowing boat acceleration can be readily estimated using accelerometers and a
representation of velocity can then be derived by the discrete integration of an ac-
celeration signal (figure 3.1). Rowing literature focuses on strategies to reduce hull
velocity fluctuations although supports the assumption that the resultant increase
in mean velocity using traditional fixed rigger rowing boats would be marginal
(Hill and Fahrig 2009). To date, it has not been demonstrated that a reduction
in boat velocity fluctuations can be achieved through a training intervention.
Acceleration Velocity
Time (s)
Drive Recovery
Reversal
Catch/
Front
Figure 3.1: Example of acceleration and velocity fluctuations of a rowing boat
with stroke phases indicated. Dotted red line indicates 0 m s−2 acceleration.
Instead, this research focuses on manipulating the velocities within the stroke
cycle without affecting the overall range of boat velocity. Figure 3.2 highlights
how such a strategy may influence mean velocity. Both velocity signals originate
from athletes within the same elite training group performing identical training
sessions although the modified velocity was scaled and offset to possess the same
minimum and maximum velocity values. During the drive phase of the stroke, the
onset of increasing velocity is advanced as indicated by arrows pointing left. In a
similar way, the onset of decreasing velocity is delayed during the late recovery,
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indicated by arrows pointing right. A higher velocity at the end of the drive is also
achieved thereby increasing the instantaneous velocity during the early recovery.
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Figure 3.2: Potential improvements from manipulating a boat velocity profile.
To achieve such adaptations in how the boat accelerates could involve technical
skill modifications, physiological improvement and enhanced crew synchronisation.
It is also not clear what impact adjusting the onset and delay of velocity has on
absolute velocity values and so it is possible that theorised gains are not achiev-
able. This research does not set out to describe what biomechanical changes cause
such a modification in boat velocity. Instead, it aims to highlight that athletes ac-
celerate their boats differently (thereby achieving athlete differentiation) and once
an optimum model of elite performance has been acquired through data collec-
tion, determine whether it is possible to effectively and efficiently guide an athlete
towards that gold standard through the appropriate application of augmented
feedback.
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3.2 Quantifying Boat Velocity
A standardised way of quantifying boat velocity was sought that allowed improve-
ments to be monitored for both research and coaching purposes. A global stroke
level measure as well as component measures were proposed and are described
here. For all calculations it is necessary to work from 150 % of a single stroke
signal with the approximate centre being the end of the drive phase of the stroke.
Therefore, a component of the proceeding and preceding stroke is included to allow
two velocity minima to always be present.
3.2.1 Velocity Delimitations
Before any parameters can be defined it is necessary to introduce some necessary
signal landmarks or delimitations and explain how these are acquired (figure 3.3).
Pre-drive Minimum Velocity (Min.V 1)
Firstly, the median velocity of the elongated velocity signal is acquired. The
velocity will cross the median before and after the first minimum velocity and
create a bounded area (figure 3.3a). Min.V 1 is defined as the earliest velocity
minima based on suitable minima detection parameters of width and threshold.
Post-drive Minimum Velocity (Min.V 2)
All of the velocity signal occurring before the first median crossing point in the
second half of the signal is removed. Min.V 2 is defined as the earliest velocity
minima within this remaining signal based on suitable minima detection paramet-
ers.
Maximum Velocity (Max.V )
The velocity signal is cropped from Min.V 1 to Min.V 2. The maxima within this
range defines Max.V .
Drive Inflection (DI)
A virtual line is drawn between Min.V 1 and Max.V as shown in figure 3.3b. The
instant in time at which the velocity is furthest from this line is defined as the
drive inflection (DI) and is a representation of when the drive phase of the stroke
finished.
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Median Velocity
Min.V1 Min.2
Max.VVelocity
(a) Minimum and maximum velocities.
Drive Inflection (DI)
Min.V1 Min.V2
Max.V
(b) Drive inflection.
DI
Min.V1 Min.V2
Max.V
Recovery
Inflection (RI)
(c) Recovery inflection.
Figure 3.3: Delimitations of a velocity trace.
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Recovery Inflection (RI)
In a similar way, a virtual line is drawn from DI to Min.V 2 as shown in figure
3.3c. The instant in time at which the velocity is furthest from this line is defined
as the recovery inflection (RI). It represents the moment when the athlete starts
the front reversal sequence.
3.2.2 Velocity Parameters
Velocity Delta (VD)
DI
Max.V
vstep
VD
Min.V1 Min.V2
tdrive tfront reversal
ttotal
RI
Figure 3.4: Velocity trace time and velocity definitions.
Velocity Delta (VD) is the difference between the velocity at Max.V and at
Min.V 1 (equation 3.1) as presented in figure 3.4. From the available literature,
a minimised VD is considered beneficial. However, this parameter may be linked
to athlete weight and power output and therefore be difficult to independently
manipulate.
V D = vMax.V − vMin.V 1 (3.1)
Velocity Ripple (VR)
Velocity Ripple (VR) is the ratio of vstep (Max.V less the velocity achieved at the
end of the drive) divided by VD (equation 3.2). VR should be minimised as far
as possible in order to maximise the mean velocity of the stroke cycle.
V R =
vstep
V D
(3.2)
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Drive Ratio (DR)
Drive Ratio (DR) is a recognised term to indicate the percentage of time spent
during the drive of the stroke (equation 3.3). In this instance, Min.V 1 and DI
are used to delimit the stroke, landmarks that may differ between definitions. For
example, oarlock angle may also be used for delimitation instead. DR is defined
here and used as part of this research in order to understand how it correlates
with other velocity parameters.
DR =
tdrive
ttotal
(3.3)
Quality of Stroke (QoS)
Min.V1
t0 t3
Min.V2
Max.V
Figure 3.5: Water QoS calculation.
Quality of Stroke (QoS) is a global measure of stroke efficiency defined as the
integral of velocity between Min.V 1 and Min.V 2 divided by an area contained
between t0, t3, Min.V 1 and Max.V (equation 3.4). Before computation, an at-
tempt is made to compensate for any skew between Min.V 1 and Min.V 2 caused
due to measurement inaccuracy and associated integration errors or actual changes
in the boat’s velocity across the stroke.
QoS =
∫ t3
t0
v.dt
(t3 − t0).(vMax.V − vMin.V 1) (3.4)
Quality of Catch (QoC)
Quality of Catch (QoC) represents how late the onset of decreasing velocity oc-
curred during late recovery. An integration area is again set-up, this time between
RI and Min.V 2 and this integral is divided by the containing area as described
in figure 3.6. A time based parameter has been introduced into this calculation
because pilot testing initially showed QoC to be excessively correlated to stroke
rate. As stroke rate increased, RI occurred relatively earlier in the stroke phase
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RI
t2 t3
Min.V2
Figure 3.6: Water QoC calculation.
causing QoC to decrease. By compensating for the percentage recovery time, QoC
becomes more stroke rate independent (equation 3.5).
QoC =
∫ t3
t2
v.dt
(t3 − t2).(vRI − vMin.V 2) .
[
1− (tfront reversal
ttotal
)
]
(3.5)
Quality of Drive (QoD)
Min.V1 DI
t0 t1
Figure 3.7: Water QoD calculation.
Quality of Drive (QoD) describes how early the onset of increasing velocity
occurred during the drive. An integration area is used between Min.V 1 and
DI and this integral is divided by the containing area as described in figure 3.7.
No time based parameter was required in this instance. QoD is represented by
equation 3.6.
QoD =
∫ t1
t0
v.dt
(t1 − t0).(vDI − vMin.V 1) (3.6)
CHAPTER 3. VELOCITY PARAMETERISATION 68
3.2.3 Standardised Test Protocol
A standardised stepped protocol was designed to compare athletes rowing in single
sculling boats across a range of intensities on water. The step test consists of pairs
of intervals rowed at varying stroke rates and distances (table 3.1) with nomin-
ally identical runs performed in opposite directions to minimise for variations in
environmental conditions. ‘Race pace’ refers to the athlete’s normal competition
stroke rate when competing across 2000 m and ‘above race pace’ refers to a max-
imal sprint stroke rate
Table 3.1: Standardised water-based step test protocol.
Piece # Distance (m) Target stroke rate (spm) Direction
1 500 24 Down
2 500 28 Down
3 500 24 Up
4 500 28 Up
5 500 32 Down
6 500 32 Up
7 1000 Race pace Down
8 1000 Race pace Up
9 250 Above race pace Up
10 250 Above race pace Down
For optimal results, the session should take place on a buoyed rowing lake to
ensure that there is no effect of stream or steering. Additionally, marker boards
simplify the timing of boats by coaches using hand held stop watches. Hull accel-
erations should be captured using appropriate motion tracking devices recording
data at a minimum of 100 Hz, used in accordance with manufacturer recommend-
ations.
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3.2.4 Computational Analysis
This section describes the process of converting raw acceleration data into velocity
parameters as presented in figure 3.8.
Acceleration data is uploaded from the motion tracking device and imported
into PC software1 for pre-processing. Any DC offset in the acceleration data is
removed by subtracting an average of the middle third of the data file (1). Ap-
proximate or ‘dirty’ stroke boundaries are then determined from this acceleration
signal using a wavelet peak detection algorithm (2).
At this stage, an analyst selects the strokes within the session to be analysed
using an interface displaying acceleration overlaid with stroke rate (3). The ex-
ample signal displayed in the figure is taken from a water based step test with the
stroke rate rising as each step in the test is performed.
150 % of each selected stroke is auto-correlated (4). By combining the positions
of the largest side lobes and the data sampling rate, the stroke duration is acquired.
Stroke duration is used to normalise all selected strokes and alignment is performed
through cross correlation with the central stroke (5). The resultant strokes are
then averaged to produce a representative stroke.
Steps 4 and 5 can be used if feature extraction of an averaged representative
stroke is required. Alternatively, feature extraction can be performed on every
stroke and the resulting metrics then averaged. Both techniques were used to
analyse the data although following pilot testing, the latter approach is presented
in this work because standard deviations of stroke rate and velocity metrics can
be obtained.
Acceleration of each stroke is integrated to produce a velocity signal and any
differences between the first and second minima are removed by applying appro-
priate skew. Velocity parameters are then obtained as described earlier in this
chapter.
1LabVIEW, National Instruments, Newbury, UK
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Figure 3.8: Computation stages to produce velocity parameters.
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3.3 An Elite Data Set
A data set was collected to investigate variations in the velocity fluctuations of
rowing boats within an elite population. Differences across athlete groups were in-
vestigated and a model of performance was sought based upon the highest achieved
velocity metrics and from athletes with the best track record at World and Olympic
regattas.
3.3.1 Method
After a suitable warm-up, elite rowers from the GB Rowing Team [heavy-weight
women (HW); n = 11, light-weight women (LW); n = 3, light-weight men (LM);
n = 7] performed the test protocol in single sculling boats as part of their normal
training programme. The session was performed on a buoyed rowing lake2 with
validated positional marker boards at every 250 m. Each interval was timed by
coaches using hand held stop watches. Hull accelerations were captured at 100 Hz3.
Computational Data Analysis
Velocity Delta (VD), Velocity Ripple (VR), Drive Ratio (DR) and Quality of
Stroke (QoS), Catch (QoC) and Drive (QoD) were calculated for each stroke
rowed in the test intervals. Strokes were then grouped into stroke ranges: 20 spm
to 26 spm, 26 spm to 29 spm, 29 spm to 34 spm and >34 spm and plotted. Within
the 29 spm to 34 spm range, that most similar to an athlete’s mid-race pace, inde-
pendence between the parameters was tested by calculating Pearson’s correlation
coefficients.
Squad level reports also focused on findings within the 29 spm to 34 spm band.
For each group, averages and standard deviations of each parameter were reported.
A one-way analysis of variance (ANOVA) was conducted to compare the effect of
group on QoS, the global velocity efficiency measure. A one-way multi-variate
analysis (MANOVA) was also conducted to compare the groups against VR, QoC
and QoD, component efficiency measures.
A further sub-group (GW) was created consisting of HW athletes who had
previously achieved gold medals at an Olympic Games (n = 3). A two sample
independent t-test was conducted to compare QoS for each group and a MANOVA
was used to determine whether the component velocity parameters indicated a
significant difference between the two groups.
2Redgrave and Pinsent Rowing Lake, Caversham, UK
3Minimaxx, Catapult Sports, Melbourne, Australia
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Qualitative Comparison
Coaches and biomechanics support staff (who work with the crews on a daily
basis) provided qualitative assessments for each athlete relating to their perceived
quality of movement around the catch and their ability to re-accelerate the boat
during the drive of the stroke. These rankings were compared against the velocity
parameters QoC and QoD acquired computationally.
3.3.2 Results
The conditions on the lake during testing were predominantly still with a slight
wind developing late in the session blowing up the lake. However, there was a
significant difference between mean velocities up the lake (M = 4.18m s−1SD =
0.258) compared with down the lake (M = 4.21m s−1SD = 0.215); t(100) =
−2.34, p < 0.05, 95%CI[−0.053,−0.004]. This may have been due to wind or
the ordering of the intervals and demonstrates the importance of controlling for
conditions. Data from both directions of travel was included in all statistical
analyses.
Complete data sets have not been included because a subset provides a clearer
indication of the report formatting and the types of findings achieved. Figure
3.9 presents VD, VR and DR for four representative athletes A to D (HW) that
describe the range of results for this squad. Each data point describes the mean
velocity parameter for a particular athlete within each of the four stroke rate ranges
along with horizontal error bars for the variation of stroke rates and vertical error
bars for the range of the measured parameter. VD, VR and DR all increased with
increasing stroke rate. For the four athletes presented, the stroke rate ranges were
reasonably tight at low intensities but grew as the stroke rate increased. Athlete
A showed the greatest stroke rate range at the ‘above race pace’ range due to a
different pacing strategy to other athletes.
Figure 3.10 presents QoC, QoD and QoS. The value of QoS tended to reduce
as stroke rate increased while such an obvious trend was not present for QoC or
QoD across the squads. From visual inspection, athlete differentiation is achieved
for the majority of metrics with VD showing the smallest variation in values.
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Figure 3.9: HW subset displaying VD, VR and DR across stroke rate groupings.
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Figure 3.10: HW subset displaying QoS, QoC and QoD across stroke rate group-
ings.
CHAPTER 3. VELOCITY PARAMETERISATION 75
Table 3.2 describes the correlations between the global velocity parameter QoS
and the component parameters QoC, QoD and VR. Only VR is (negatively) correl-
ated with QoS, r(19) = −0.853, p < 0.01. This negative correlation reflects that
an increase in QoS is advantageous while a decrease in VR is equally desirable
and that VR is captured within the global QoS measure. The lack of correlation
between VR, QoC and QoD is beneficial because it justifies the adoption of three
unique parameters to describe different aspects of the rowing stroke.
Table 3.2: Velocity inter-parameter Pearson’s correlations within 29 spm to 34 spm
band.
Quality of Quality of Velocity
Catch Drive Ripple
Quality of Stroke 0.400 0.181 -0.853**
Quality of Catch - 0.005 -0.302
Quality of Drive - - 0.078
** Correlation is significant at the 0.01 level (2-tailed)
Descriptives of the velocity parameters for each athlete group are shown in
figures 3.11 and 3.12. Following MANOVA analysis using Wilks’s lambda, the
athlete’s group had a significant effect on the component velocity parameters, Λ =
0.157, F (6, 32) = 8.12, p < 0.01. There was a significant difference between athlete
groups in terms of both QoD (p < 0.01) and VR (p < 0.05). ANOVA analysis
showed that there was a significant effect of athlete group on QoS, F (2, 18) =
8.478, p < 0.01. Post-hoc analysis using Bonferroni’s method revealed a significant
difference between LM and HW (p < 0.01, 95%CI[−8.97,−1.61]) and between
LM and LW (p < 0.051, 95%CI[−11.34,−0.85]) although no significant difference
between LW and HW.
On average, GW had greater QoS (M = 64.4, SD = 2.4) than women without
medals (M = 60.6, SD = 3.32). This difference was not significant t(9) =
−1.81, p > 0.05. Following MANOVA analysis using Wilks’s lambda, the pre-
vious winning of a gold medal did not have a significant effect on the component
parameters of velocity Λ = 1.272, F (3, 7) = 1.272, p > 0.05.
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Figure 3.11: Group averaged QoS, QoC and QoD (29 spm to 34 spm).
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Figure 3.12: Group averaged VD, VR and DR (29 spm to 34 spm).
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Finally, tables 3.3a and 3.3b show the rank given by GBRT coaches and support
staff and the ranking created by the computational algorithms for the largest
athlete group (HW). Each row in the figures represents a single athlete. The
table is sorted on decreasing rank of the computational values of QoD and QoC
respectively and colour codings have been added for clarity with highest ranked
athletes shaded green through to lowest ranked athletes who are shaded red.
For the coach and support staff rankings to agree with the algorithm, a gradu-
ated colour progression from green to red would be expected. From visual inspec-
tion, the support staff rankings appear to more accurately match the results of
the algorithm than the rankings provided by the coaches.
Table 3.3: Comparison of qualitative and quantitative HW athlete rankings.
(a) During the onset of increasing boat velocity.
Algorithm Coach Staff 1 Staff 2
1 6 3 2
2 5 2 1
3 7 5 3
4 1 1 4
4 11 8 9
6 2 4 5
7 4 11 11
8 10 6 6
8 8 10 10
8 3 9 7
8 9 7 8
(b) During the onset of decreasing boat velocity.
Algorithm Coach Staff 1 Staff 2
1 7 2 2
2 3 5 3
3 8 4 4
3 3 1 1
3 10 3 7
3 6 6 5
7 2 8 6
8 11 7 9
8 5 10 8
10 4 9 10
11 1 11 11
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3.3.3 Discussion
Some athletes within the tested group are considered the world’s best rowers4
and the opportunity to collect such a data set from an elite sporting population
is rare. Even though the planned number of athletes to be tested was reduced
by illness and injury, this data set provides an invaluable insight into high per-
formance rowing. Due to their elite nature, such populations will be small and
therefore statistical significance is difficult to achieve although for such studies, the
data points of interest may be outliers rather than group averages. Athletes who
achieved exceptionally high results become the models for the rest of the training
group to aspire towards while low results identify athletes with technical areas for
improvement.
It also became clear how difficult it is to apply scientific controls to an elite
group of athletes where the ultimate control of the session lies with the coach
rather than the investigator. While mean boat velocities were being recorded,
some athletes treated the session more like squad selection than others which
changed how they approached the session. During the 1000 m interval, a range
of stroke rates and race profiles were adopted making the resultant water times
unreliable. Both high stroke rates and race profiling (using a range of stroke rates)
led to faster mean boat velocity.
This research has succeeded in differentiating an elite population of athletes.
Figures 3.9 and 3.10 provides visual differentiation of the four example athletes
for all parameters except VD. VD is the difference between the maximum and
minimum velocities within a stroke cycle and is likely to be correlated with ath-
lete mass and power output rather than technical competence and therefore not
considered so relevant to the aims of this study. The lack of correlation between
VR, QoC and QoD, the component velocity parameters, justifies the adoption of
all three parameters to describe different aspects of the stroke and the correlation
between VR and the global parameter QoS suggests that VR is a key measure
of efficiency. What is not clear from this study is what effect a change in one
parameter has on other parameters.
Between the groups, the difference between women with and without gold
medals was not significant. In elite homogenous populations where athlete num-
bers are small and performance levels tend towards threshold values, lack of statist-
ical differentiation is expected. However from this data set, normative (or model)
velocity parameters for heavy-weight women can be concluded from the gold medal
athletes (figures 3.11 and 3.12).
Significant differences were observed between the light-weight men and both
4www.worldrowing.com
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the light-weight and heavy-weight women although it is not clear whether athlete
gender led to a difference in normative values or whether the light-weight men as
a group row their boats differently. This finding warrants further research.
Coaches should be trained how to interpret this new data set. The coach
ranking exercise highlighted the need to supplement information obtained by ob-
servation with quantitative data while at the same time, it is not pertinent to
rank an athlete on QoS alone. Taking athletes A to D as an example, table 3.4
provides a comparison of component and global velocity parameters and relative
results at the subsequent GBRT long distance sculling trials. Results for most
athletes correlate between velocity parameters and trial ranking except for athlete
D who ranks highly for velocity parameters but doesn’t rank highly at the trial.
Such a comparison assumes that all athletes have the same physiological output
and that other key biomechanical determinants of performance are the same, e.g.
effective stroke arc. DR is a measure of the amount of time the athlete spends
driving the boat versus total stroke time and athletes C and D are outside the
normative range of 33.5 % for gold medallist heavy-weight women (taken from fig-
ure 3.11). This might explain the discrepancy between these results and suggest
that a relevant intervention should be taken.
Table 3.4: Comparison of HW sculling trial rankings to velocity parameters.
GBRT trial QoS QoC QoD VR
A 1st 3rd 3rd 3rd 1st
B 2nd 2nd 2nd 2nd 2nd
C 4th 4th 4th 4th 4th
D 3rd 1st 1st 1st 3rd
The proposed flowchart in figure 3.13 could act as a guide for coaches to em-
ploy when considering this new data set. The first step is to assess DR since it
may be masking true findings for other parameters (as previously discussed). If
it is outside the normative range for the group, actions should be taken including
modifying the rowed arc through rigging or coaching interventions or changing
mechanical loading. It is then advised in step two to focus on QoC before other
velocity parameters since this is believed to be the most readily trainable aspect of
the rowing stroke (from personal conversation with Klaus Mattes, Hamburg Uni-
versity, Germany). The flowchart suggests the adoption of real-time feedback as
interventions for modifying QoC and QoD, techniques that are trialled in chapter
6. If significant interventions have been made as a result of steps one or two, Klaus
further suggests retesting athletes prior to drawing further conclusions around ne-
cessary interventions due to potential associated changes to velocity parameters.
I.e. it is unlikely to be possible to modify one velocity parameter in isolation.
CHAPTER 3. VELOCITY PARAMETERISATION 80
At high extreme of range.
Athlete spends too long with 
oars in the water.
Assess Drive 
Ratio
At low extreme of range.
Athlete spends too little time 
with oars in the water.
Check effective
stroke arc
Arc too large. 
Reduce through 
rigging change or 
rowing less slide. 
Correct arc. Check for 
consistent pacing strategy. 
Consider reducing 
mechanical loading.
Check effective
stroke arc
Arc too short. 
Assess rigging or 
retrain athlete.
Correct arc. Increase 
mechanical loading.
QoC below
normative value for 
boat type?
Retrain with real-time 
feedback
QoD below
normative value for 
boat type?
Retrain with real-time 
feedback
1
2 3
Figure 3.13: Coach workflow to aid interpretation of velocity parameters.
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3.3.4 Conclusion
This data collection has provided insight into the boat velocity fluctuations of elite
athletes in single sculling boats with the new analysis techniques successfully dif-
ferentiating athletes. This finding has application in assessing and monitoring elite
rowers and further application in augmented feedback research. Data from suc-
cessful athletes provides a model of performance for both squad and development
athletes alike.
The standardised test protocol was trialled and proved to generate a range
of rowing intensities that met both coaching and research aims of the session
although additional controls on athlete behaviours would have been useful. The
adoption of standardised protocols is advised as it provides a repeatable tool for
periodic individual and group monitoring and for group to group comparison. Care
should be taken when ranking athletes based on the findings to avoid inappropriate
conclusions being drawn as to relative boat speeds. Instead, the results should be
used to aid identification of an individual athlete’s technical areas for improvement,
thereby informing the coaching process.
This analysis should be extended to other elite rowing groups in small boats
as well as performed for high performance crew boats. The challenge in obtaining
models of elite performance in crew boats such as a coxed eight is to obtain more
than one data sample. Achieving such data would involve the cooperation of
multiple rowing nations who may not be keen to share such information. It may
also be less relevant to obtain crew information at a boat level since it becomes
less obvious how individual crew members are influencing performance.
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3.4 Modelling Performance Gains
This chapter has introduced novel metrics that quantify boat velocity fluctuations.
The first question that a coach will ask when presented with this information is
by how much 1 % in QoS influences boat speed. Hill and Fahrig 2009 conceived
dt2000m as a coach friendly metric of the delta time to cover 2000 m given a bio-
mechanical modification and compared boats with typical velocity fluctuations
against hypothetical boats with constant velocity. In this research, the biomechan-
ical intervention would be skill training towards a theoretically optimised velocity
fluctuation characteristic.
This question was considered as a black box as presented in figure 3.14. The
inputs to the calculation were the Percentage Gold Medal (PGM) velocity for the
boat type in question, the original stroke velocity signal (A) and the new stroke
velocity signal to superimpose (B). The output would then be a value in seconds
to describe the change in 2000 m race time.
Calculate 95% of PGM 
velocity and apply to 
original velocity signal.
Scale new velocity 
signal to have same 
VD as original.
Set minimum of new 
velocity signal to 
same as original.
Calculate mean 
velocity of new 
velocity signal.
Calculate original and new 
race times based on mean 
velocities and subtract.
PGM
Stroke Velocity A
Stroke Velocity B
dt2000m
Figure 3.14: Black box calculation to describe dt2000m for different velocity signals.
95 % of PGM velocity was selected as a typical race pace for an elite athlete
given that PGM values are aspirational. This sets a typical mean velocity for the
boat type. The original velocity signal is offset to have this mean velocity which
reveals a minimum velocity and VD for the original signal. The new velocity signal
is then scaled and offset to have the same minimum velocity and VD, reflecting that
an athlete has the ability to reach this range of velocities only lacks the technical
competency to achieve a particular intra-stroke velocity signal. The mean velocity
of this modified velocity signal is then calculated which allows a race time over
2000 m to be derived for the original and new velocity signals and therefore a delta
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time to cover the race distance (dt2000m).
The athlete’s velocity signals presented in figure 3.2 are taken from the results
of this study and describe the range of QoS achieved for heavy-weight women
at competition stroke rates. Applying the estimation approach from figure 3.14
reveals that if the least efficient athlete in the group had rowed with the most
efficient athlete’s boat kinematics, their time to complete 2000 m would have been
18 s faster. While it is useful to perform such a rudimentary calculation to answer
coaching questions, this calculation assumes that stroke rate, DR, athlete power
output, system mass and hydrodynamic drag all remain constant regardless of the
velocity signal employed.
Stroke rate, effective stroke arc and athlete power output are routinely meas-
ured and, at an elite level, are considered controllable parameters. System mass is
relevant to consider when attempting to estimate the percentage time differential
between two similar crews accountable by different boat kinematics. E.g. athlete
A weighs 80 kg, athlete B weighs 69 kg and their dt2000m is 9 s. For heavy-weight
women’s singles given equipment mass including oars 16.6 kg and PGM 4.47 m s−1,
equation 3.7 (Dudhia 1995) indicates that the dt2000m resulting from the weight
difference is 8.33 s. If, in this example, athletes A and B achieved the same power
outputs and DR on the water, this would suggest that although athlete B achieved
a faster race time, this difference should be accounted for by a difference in athlete
mass rather than superior boat kinematics.
∂v
v
= −
(
1
6
)
.
∂W
W
(3.7)
Drag is a complex component to model and the black box inputs are insuffi-
cient to quantify fully how a modified boat velocity signal would be influenced.
The assumption that hydrodynamic drag remains constant is almost certainly in-
appropriate since improved boat kinematics would lead to more of the stroke cycle
being performed at higher velocity and hence the boat would experience more drag
force during a single stroke cycle. This would further suggest that applying the
same minimum velocity and VD to the modified boat velocity is inappropriate and
that the black box model over estimates performance gains due to technical skills
training. Fully quantifying the effect of a change in QoS on race performance is
an area for further research through both mathematical modelling and practical
experimentation.
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3.5 Conclusion
This chapter has highlighted that a rowing boat moves with varying velocity dur-
ing a stroke cycle. Fluctuation magnitude reduction has been the focus of previous
research into optimising boat velocity with no experimental evidence that a mean-
ingful improvement in average boat speed can be achieved through an interven-
tion involving skill change alone. An alternative hypothesis has been presented
that involves advancing the onset of increasing velocity and delaying the onset
of decreasing velocity with the goal of increasing average boat velocity without
modifying velocity maxima or minima.
A technique for delimiting a rowing stroke and quantifying the technical skill
level of a rower using accelerometers alone has been proposed. A standardised
step test protocol has been devised as an optimal applied way of generating re-
peatable metrics for comparison between athletes and for monitoring an athlete
across seasons. It is considered impractical to attempt this analysis by hand and
therefore, details of how this analysis can be performed computationally have been
described.
A data set of elite athletes undertaking the test protocol has been analysed and
it was found possible to differentiate the technical skill of the group and, based
on historical competition results, to derive benchmarks that describe an elite per-
formance. This analysis makes it possible to identify athletes who are suitable
candidates to undertake a technical skill intervention. However, this analysis can
not be used in isolation as a selection tool since it does not reliably quantify abso-
lute average boat velocity. Efforts to quantify the potential benefit of such a skill
intervention suggest meaningful gains in the context of elite rowing competition
although fully quantifying the benefits is an area for future research.
Chapter 4
Human Centred Interface Design
Stakeholders of the project were involved throughout the design of the biomech-
anical feedback system. This ensured that the coaches and athletes could steer
the development process towards a meaningful end system and also that the users
felt empowered by the process and would therefore be more likely to buy-in to the
outcomes. It was also important that the coaches did not consider the research
to be looking for ways of automating coaching, rather it should be seen as a tool
to support the coaching that they currently perform. This chapter describes the
application of Human Centred Design (HCD) to this work.
This chapter reveals the specific design activities undertaken across the two
rowing skills to be trained. Due to existing research surrounding audible feedback
designs (Cesarini et al. 2014; Dubus 2012; Dubus and Bresin 2015; Gauthier
1985), the design process only focused upon producing novel visual interfaces with
existing audible designs validated as part of the training case series study (chapter
6). The first skill involved the training of stroke arcs and the procedural findings
were used to inform the second skill training design effort and resulting study
involving efficiency around velocity parameterisation of the rowing stroke. This
chapter also acts as a case study of design within an elite sporting community.
Conclusions are drawn that are relevant to future design efforts with similar user
groups.
4.1 Method
The first phase of the HCD process was to plan the activities that would be
performed (Maguire 2001b; ISO 9241-210, 2010) taking into account the task to
be supported by technology and the delivery team’s size and competencies. The
users of the system worked as coaches and athletes in elite sport and had no
experience designing or developing technological solutions while the lead designer
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and investigator of this research had both experience as a rower and coach as
well as a professional background as an engineer working in both electronics and
software. A full stakeholder analysis is available in appendix C.
Due to the nature and limited availability of the delivery team, the overuse
of formal design processes was avoided with a simplified version of the waterfall
design approach (Royce 1970) adopted instead. Iterations were simplified into four
distinct phases although, in practice, iterations were often applied as soon as new
requirements were encountered or technical challenges were met. Figure 4.1 sum-
marises the waterfall model used with the HCD activities selected to be performed
to the left of each process while HCD and the Unified Modelling Language (UML,
Booch et al. 1998; ISO 19501, 2005) outputs are shown to the right. Analysis was
performed in a specialist UML package1 although implementation detail was not
deemed central to the research and has therefore not been published.
During the initial phases of the project, technical investigations and user in-
volvement were performed in parallel since many of the initial technical com-
plexities of this project were not coupled with the user analysis and considered
exclusively to be research and development. By working on parallel streams, a
basic technical proof of concept was produced early in the project that addressed
some of the major technical challenges, thereby reducing the overall project risk.
The Context of Use (CoU) was produced by the investigator based on his pre-
vious work within the Great Britain Rowing Team (GBRT, appendix D). This
information was essentially factual and did not require the verification by coaches
whose contact time was limited. Preliminary workshops were held with each group
of GBRT elite coaches (n = 8) to verify Hierarchical Task Analysis (HTA) and
to prioritise the skill parameter to be reported by the new feedback system. Due
to coaching being an unstructured task and therefore difficult for an individual
without design experience to document, HTA was performed in advance by the
investigator and verified through structured conversations while existing biomech-
anical rowing reports were used as the basis to select primary determinants of
performance.
At this stage, two candidate determinants of performance had been identified.
The simpler of the two formed the basis of a workshop held at Molesey Boat Club,
Molesey, UK (n = 11) where, following ethical approval, high performance athletes
were introduced to examples of different user interfaces which highlighted what
to consider when designing a new interface. The specific rowing task was then
introduced and the athletes were asked, in groups, to brainstorm interfaces that
would help them progress this skill based on their own rowing expertise. Each
group then presented their design receiving critique from the other participants as
1Modelio, Modeliosoft, Paris, France
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Requirements 
Specification
Design
Implementation
Integrate
and Test
Deploy
Parallel development streams:
     1. Human-centred design
     2. Technical functionality research and development
· Software and hardware
· User manuals
· System Test Results
· User Acceptance Certificate
Iteration 1
Iteration 2
Iteration 3
Iteration 4
HCD Activities Project Phase Outputs
· Paper-based prototyping
· Computer based 
prototyping
· User testing and evaluation
· Context of use analysis
· Hierarchical task analysis
· Dets. of performance
· Interface Brainstorming
· CoU Statement
· HTA Statement
· System use cases
· Functional requirements
· Non-function requirements
· Scope document
· Risk register
· System Architecture
· User interface designs
· Robustness diagrams
· Static class diagrams
· Sequence diagrams
· State transition diagrams
· System test scripts
Figure 4.1: Simplified waterfall system design model adopted for the development
of the real-time feedback system.
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well as ratings for clarity, task suitability and preference via questionnaires. All
workshop session plans are available in appendix E.
Interfaces were progressed through paper-based prototyping, to implementa-
tion and to initial pilot studies with an undergraduate student performing a study
to evaluate the cognitive uptake of information by athletes using the new designs.
The findings from this first set of interface design activities informed the process of
designing the second and more complex determinant of performance. This second
workshop was held at the National Watersport Centre, Nottingham, UK, with a
group of high performance coaches (n = 12) and, due to the novel theory be-
hind this second determinant, the workshop began with an explanatory seminar.
Following ethical approval, the coaches were then introduced to the concept of
interface design as before and asked to brainstorm task specific interfaces followed
by peer review of each design.
A skill training study was performed using the outputs from this second phase
of interface design, a discussion of which is presented in chapter 6. From an
HCD standpoint, this study acted as user testing and evaluation with received
feedback leading to a further phase of iterative design and development. It also
informed best practice for delivering skill training. Findings were presented to
GBRT coaches in October 2015 in order to understand how this research fitted
with the preparation of crews for the Rio Olympics, 2016 and beyond.
As a form of checklist to the selected HCD plan, the ISO standard (ISO 19501,
2005) provides six key principles of HCD:
1. the design is based upon an explicit understanding of users, tasks and en-
vironments,
2. users are involved throughout design and development,
3. the design is driven and refined by user-centred evaluation,
4. the process is iterative,
5. the design addresses the whole user experience,
6. the design team includes multidisciplinary skills and perspectives.
The proposed approach was considered to meet each of these principles except
for providing a multidisciplinary design team. Where multidisciplinary skills or
perspectives were required these were learnt by the investigator during the design
process.
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4.2 Results and Discussion
Table 4.1 summarises the activities undertaken as part of the design process. Meet-
ings took a range of formats including formal workshops, drop in conversations and
even a meeting at a public house. This is typical of the fast paced and informal
nature of elite sport where opportunities to talk must be taken whenever possible
with the coach’s primary focus always on their athlete’s next training session.
Table 4.1: A summary of design activities held with coaches and athletes.
Date Group Nature of sessions
Jan 2013 Heavy Women and Light-
weights (HW) chief coach
Research discussion + preparation
for coach workshop
Feb 2013 HW coaches workshop HTA and Determinants of Per-
formance
Feb 2013 Heavy Men (HM) coaches
workshop
HTA and Determinants of Per-
formance
June 2013 High performance athlete
workshop
Stroke arc interface brainstorming
Nov 2013 Chief coaches + performance
director (Manchester)
Prototype demonstration and pro-
gress update
Dec 2013 HM lead coaches Prototype demonstration and pro-
gress update
Oct 2014 HM deputy coach Progress update
Oct 2014 HW chief coach Progress update
Feb 2015 High performance coach
workshop
Velocity parameterisation inter-
face brainstorming
4.2.1 Hierarchical Task Analysis and Determinants of
Performance
HTA was proposed for the task of coaching rowing (figure 4.2), rowing from the
athlete’s perspective (figure 4.3) and performing biomechanical analysis (figure
4.4) in the context of GBRT. In each diagram, goals are stated as verb-object in-
structions. The primary goal is re-described into subordinate goals and numbered
based on diagrammatic level as suggested by Shepherd and Stammers 2005. The
subordinate goals highlighted yellow indicate those that relate to real-time ex-
trinsic feedback and proprioception and the diagrams refer to the scenario where
augmented feedback has been implemented. Specific plans (goal sequences) were
not created for each HTA diagram because iterations would occur continuously in
sequential numerical order throughout a training session.
Attempts were made to verify the HTA during the first coach workshop through
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the use of a scenario based task:
Investigator: ‘Imagine an occasion when you attempted to coach a
specific technical skill within a specific session. Describe the flow of
events as a timeline that led to the successful outcome or what were the
limiting factors in achieving the desired change? What decision making
did you perform and what information facilitated the decisions?’
Unfortunately, the coaches did not warm to this HTA task, the underlying reason
being because they felt the coaching task was as simple as the diagrams proposed:
Coach: ‘To be frank, you have presented what is on page 1 of the
coaching manual.’
Shepherd and Stammers 2005 suggest that where a designer is very familiar with a
domain the use of formal approaches to task analysis is not necessary and intuitive
judgement should be used instead, a choice that would have worked better in
this particular case study. However, it was agreed that biomechanical feedback
available during a session would facilitate the iterative process of coaching by
informing the decision making process.
0. Coach Crew
(as per session plan)
3. Monitor rowing
(in context of plan)
4. Do analysis
5. Deliver update to crew 
(w.r.t. original plan)
Repeat 3-5
4.2 Draw links between feedback 
and performance
(w.r.t. GBRT model)
4.1 Prioritise 
feedback
3.2 Monitor augmented 
feedback
3.3 Listen to athlete
(+ observer) verbal 
feedback
3.1 Observe visual 
feedback
2. Athletes row 
to plan
1. Specify 
session aims
Figure 4.2: Hierarchical task analysis of the coaching task.
By request of the HM coaches, the second February 2013 workshop took a
more unstructured style and HTA verification was not explicitly achieved. No
CHAPTER 4. HUMAN CENTRED INTERFACE DESIGN 91
0. Row the boat
(as per session plan)
1. Take stroke 2. Assess feedback 3. Produce action plan
Implement 
action plan
2.1 Monitor 
Biofeedback
2.2 Observe 
augmented feedback
2.4 Listen to 
crewmate feedback
2.3 Listen to coach 
feedback
Figure 4.3: Hierarchical task analysis of the athlete rowing task.
0. Provide Session Biomechanical 
Feedback and Assessment
2. Deliver finding
3. Provide 
justification
5. Discussion4. Field questions1. Do analysis
1.1 Compare 
data against 
model
1.3 Prioritise 
findings
1.2 Route cause 
analysis
Figure 4.4: Hierarchical task analysis of the biomechanist task.
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further attempts were made to verify the coaching, rowing and biomechanics tasks
because the unstructured nature of the task meant that it was extremely difficult to
perform more detailed analysis and more useful content could be acquired during
the limited contact time provided. This task may be revisited when attempting
to clarify how a coach would use the new feedback and therefore inform the coach
interface designs.
The group at the HW coach workshop were then asked to list the top eight
biomechanical parameters that were considered fundamental to differentiating the
performance of two crews as currently presented in the GBRT biomechanical re-
ports (or from any other source). These results are presented in rank order in table
4.2. With the HM coach workshop taking a very unstructured style, this task was
not explicitly performed. Instead the coaches were clear in their request for the
investigator, the team’s biomechanist from the previous Olympiad, to propose the
determinants of performance based on academic literature, first principles and ex-
posure to previous elite athlete data. This outcome conflicted with the process of
HCD although it did maintain user engagement and permit the project to pro-
gress with the coaches feeling that there were initiating the research into real-time
feedback. All parameters that were raised during this second workshop are listed.
Table 4.2: Determinants of rowing performance highlighted by elite coaches.
Rank HW HM
1 Stroke arc / effective stroke length Acceleration
2 Rate of force development / Flight path Force curve
3 Acceleration Slip
4 Slip / Grip Stroke arc
5 Stroke power Peak force
6 Blade depth Peak force position
7 Quality of suspension / weight on seat
8 Boat pitching
9 Pin v foot stretcher loading
10 Lumbar pelvic ratio
11 Boat depth
At this stage it was the intention to focus on two specific biomechanical para-
meters for this research, the first being a pilot of the design process with the latter
forming the basis for scientific experimentation. The parameters should be of im-
mediate use to coaches when working with their crews while at the same time
the complexity of acquiring the data and the underlying theory surrounding the
selected parameters should be considered.
Stroke arc, a parameter highlighted by both groups, was the pilot determinant
of performance selected. It had the advantages that it was readily measurable
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by the existing rowing instrumentation on both water and land and it was fully
understood by the athletes and coaches. Stroke arcs also had documented targets
for specific boat types with target setting highlighted by coaches to be important
and motivational for the athletes.
The second determinant would be the acceleration of the rowing hull. Coach
indicative comments were that:
• There were similarities between the characteristics of the acceleration trace
variations for high performing crews,
• Athletes have an acceleration trace signature which shows very little change
over time,
• It would be useful to quantify the acceleration as a better form of boat
check2,
• Since acceleration is measured at boat level, how is it possible to relate back
to what each individual athlete is doing?
• ‘I never use the acceleration trace, because I don’t understand it.’
These observations suggest that hull acceleration is considered by elite coaches
to be highly relevant to the performance of their crews while identifying what
describes a good acceleration and how to change a crew technically are not fully
understood. Before research began, the acceleration of a crew was only presented
graphically and therefore compared qualitatively. The idea of quantifying this
complex parameter would allow for metrics to be compared between crews and over
time to monitor progress. The link between how a hull accelerates at boat level
and what this means for individual athletes within a crew would need resolving
during the research effort.
While the topics discussed were wide ranging, some novel insights and feature
requests relevant to this research were given. It was unanimous that biomechanical
real-time feedback was a priority area of research with the HM coaches highlighting
this as one of their three key themes and a lead HW coach seeing biomechanical
data as an educational tool for the athletes. He continued to describe how athletes
worked through feel (proprioception), coaches through sight and how the data
brings these together and provides an integrated, quantifiable data set. At the
same time, warning was voiced about previous experiences using real-time feedback
where the content was excessive and distracting.
This concept of feedback complexity was often raised. Coaches requested
simple feedback with the simplest being traffic lights or a target number. This
2A legacy parameter of boat efficiency.
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describes terminal feedback where a stroke summary is presented at the end of a
stroke cycle. The example of a Wattbike3 interface for water was highlighted by
one coach as a relevant example of good interface design (figure 4.5). The inter-
face contains a summary of physiological and biomechanical information including
power, cadence and time elapsed etc. . . and was singled out as a model interface.
The ability to move between screens of content on the same unit was mentioned.
Figure 4.5: Wattbike performance computer model A.
Other themes that were raised were the desire to have a test protocol for
periodically assessing athletes and a biomechanical model for coaches to use when
interpreting reports. These themes were considered as part of this research work
and are further examples of the importance of coach engagement. Coaches wanted
to feel that they were leading the research which explains the different outcomes
of the two coach workshops, the first being structured without full coach buy-in
while the second was unstructured with the coaches taking the lead. Although in
the second workshop conversations did not progress in the exact directions that
the investigator intended, the richness of content was the same and coaches left
feeling engaged with the work that was to follow.
4.2.2 Interface Design: Stroke Arcs
Figure 4.6 shows the interface designs produced by the ten participants that at-
tended the workshop. One of the designs has not been included as the participants
failed to design an interface relating to stroke arc. The six remaining designs were
grouped into categories: design A, B and C were considered to display stroke
arc graphically with arcs and lines indicating achieved angles, design D used the
concept of a moving target while designs E and F were predominantly numerical.
Common themes from the designs were that position should represent the catch
arc (top of screen) and finish arc (bottom of screen) and bow side and stroke side
3Wattbike Ltd, Nottingham, England
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A
C
D
E F
B
Figure 4.6: Stroke angle designs originating from athlete workshop.
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should be represented by left and right. The designs also attempted to utilise the
entire real estate of the screen.
Some aspects of the design were more ambiguous. The concept of having stroke
targets was evident in designs B and D although how these targets should be set
was not clear. In contrast, designs with numerical values all described absolute
stroke arcs rather than deltas from targets. Design D sparked a conversation
around presenting stroke history with historical information appearing as crosses
although this idea confused some participants and was not progressed. The lack
of specific colour usage in the designs was probably due to the lack of pens made
available to participants as commented by one of the participants.
Table 4.3 gives participant ratings of the interfaces taken from the question-
naires (n = 7). Participants rated design B high for clarity and rated designs A
and B good for task suitability. Participant preference was spread across many of
the designs with design D and E receiving the lowest ratings. Common themes
from the written and verbal comments related to screen clutter and complexity
with a preference for simple designs and how this complexity would be more ap-
propriate at low training intensities than at high intensity rowing. Familiarisation
was another consideration. While some designs may take some getting used to,
the resulting efficacy of the design may be greater. The final observation from the
workshop was that different participants had different display preferences. Some
worked well with numbers while others preferred graphics and shapes and so it is
likely that a range of interfaces would need to be produced for each skill develop-
ment task to cater for individual preferences.
Table 4.3: Participant ratings of stroke angles interface designs (M and SD).
Design Clarity Suitability Preference
A 3.7± 0.7 4.7± 0.5 3.6± 0.5
B 4.1± 0.6 4.6± 0.5 3.7± 0.5
C 3.7± 0.7 4.3± 0.5 3.6± 0.5
D 3.3± 0.9 4.4± 0.5 3.2± 0.9
E 3.8± 0.4 4.1± 1.0 3.2± 0.7
F 3.7± 0.5 4.2± 0.7 3.7± 0.7
In conjunction with recognised interface design best practice, elements from
the workshop were collated into three candidate interface designs: a numerical
design (figure 4.7), a graphical (figure 4.8) and a target based design (figure 4.9).
Green and red are very recognisable colours in the sport of rowing to indicate bow
side and stroke side of the boat and were therefore adopted to differentiate the
numbers. Vivid colours were selected on a white background to maximise screen
contrast. While most of the functionality is fairly self-explanatory, the arrows
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of the numerical display were designed to instruct a participant to shorten their
stroke (down arrow for catch, up for finish) or lengthen their stroke (up arrow
for catch, down for finish). For all screens, target stroke lengths were set as user
definable parameters with a negative number describing how many degrees short
while a positive number described how many degrees too long had been rowed.
For all interfaces, screen updates would only occur when the athlete was within
10◦ of the target stroke arc and reflect rowing 5◦ beyond the target. At other
times, the interface would be static.
C A T C H
F I N I S H
-0.2
-1.4 0.7
1.1
Figure 4.7: Stroke arc interface: Numbers.
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C A T C H
F I N I S H-1.1
0.9 1.2
0.5
Figure 4.8: Stroke arc interface: Graphical.
Figure 4.9: Stroke arc interface: Target.
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User Testing and Evaluation
The candidate interfaces were developed in both water and land-based environ-
ments. The prototype water based system successfully engaged the stakeholders
of the project, namely the GBRT coaches, sport scientists and the performance
director who commented how such a system would have aided crew preparation
the previous summer. The land-based system was prototyped in LabVIEW4 and
simplified to present data from only one side of the boat since athletes on the
ergometer have only one handle. Full details of the technical implementations are
in chapter 5.
Two experienced rowers from the Sports Technology Institute, Loughborough
University performed basic pilot testing by rowing on the ergometer with feedback
provided through the three interfaces. Two findings were immediately evident that
had not been obvious through the design process. Firstly, the three interfaces
produced very different athlete experiences with the graphical and target based
screens providing effective real-time guidance of stroke arc as the handle was moved
while the numbers could only be read once the catch or finish stroke arc had been
achieved because the numbers were changing too rapidly. The number based
interface was therefore considered to provide terminal feedback or knowledge of
results while the graphical and target based interfaces were felt to provide both
concurrent feedback and terminal information.
Secondly, all interfaces had been designed to update only as the rower ap-
proached the catch or finish targets. This had been considered a sensible design
decision because the interface was only intended to guide the rower around the
extremities of the stroke. However, the pilot testing showed that it was confusing
for the rower that the target and graphical interfaces went from static to changing
within 10◦ of the targets and that it would be preferable if the interfaces always
updated as the handle moved making it easier to use the interface to ‘track’ or
‘aim’ at the stroke targets. For the graphical screen the drawback of a constantly
moving line conflicted with the required resolution around the stroke extremit-
ies. For the target screen this was resolved by adding a looped section to the
target interface (figure 4.10). Rather than the target pausing in the middle of the
screen, the target now moved continuously down then anti-clockwise around the
loop before continuing vertically to the finish target. This solution made better
use of screen real-estate and met the initial concerns from the rower feedback while
maintaining data resolution around the targets.
Carlton 2015 performed an initial study to investigate the effectiveness of each
interface in guiding participants to row to specific stroke arcs. Cognitive uptake
4National Instruments, Newbury, UK
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Figure 4.10: Modified target based interface with looped central stroke section.
was isolated in an initial study with participants rowing while static screens were
displayed. This was followed by a study to evaluate the performance of the inter-
active system during low intensity rowing. While the experimentation did not lead
to any significant results, anecdotal evidence suggested that the numbers interface
was the least preferred by the participants and the target and graphical interface
was the most effective in achieving specific finish arcs. The failure of the study to
achieve significant results was in part due to a low number of participants while
also considered to be due to the limit of human accuracy in the task masking the
intended effect. I.e. it appeared that achieving ±0.1◦ stroke accuracy is virtu-
ally impossible and any effect of the interfaces was also within this range. This
conclusion was supported by Prof. K. Mattes, Hamburg University during meet-
ings. An alternative experimental design would be required to effectively assess
the interfaces.
While the prototype interfaces had highlighted some interesting findings, the
actual workshop had successfully led a group of rowing athletes to brainstorm in-
terface designs. One aspect that could be improved would be to make the design
task more explicit to avoid any interfaces designed that describe the wrong determ-
inant of performance. Minor modifications to this initial workshop were required
when considering velocity parameterisation since the skill would not be immedi-
ately obvious to the workshop participants. Additionally, the group allocated to
the investigator was to be a group of coaches rather than athletes and therefore a
more explanatory rather than participatory approach would be taken. The pilot
study had provided the investigator with experience of running such a workshop,
experience that would enhance future sessions.
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4.2.3 Interface Design: Velocity Parameterisation
The initial seminar component of the second workshop successfully upskilled the
group of coaches with knowledge about how to interpret rowing acceleration and
velocity graphs and the concept of velocity parameterisation. Some participants
had greater initial familiarity with the topic and there was also a range of spe-
cialisms within the group. Such a topic would appeal to the mathematical and
scientifically minded coaches although attempts were made to present the inform-
ation in a range of formats to appeal to the whole group. At this stage, the group
were engaged with the research with an appreciation of how it might positively
impact upon rowing performance. Two coaches present would be involved in the
future training study and showed particular interest.
The interface design task was approached in the same way as for the stroke
arcs. Following an introduction to the components of a good user interface, four
groups set about designing relevant concurrent interfaces. Only two interfaces
resulted from the design task which was disappointing. This may have been due
to the complexity of the rowing skill causing confusion as to how it might be
portrayed or because the mean age of the coaches was greater than the athletes
in the pilot workshop resulting in some resistance to being creative and open with
ideas.
Figure 4.11 was produced by a coach with a research interest in computer
based user interfaces. He was inspired by one of the graphs presented during the
seminar and a hospital heart rate trace. A flat trace represented zero acceleration,
green a positive acceleration and red a negative acceleration. Regardless of the
polarity of the acceleration, an envelope above and below the centre line would
be presented. History was discussed with the interface giving an athlete sufficient
time to absorb the previous stroke if rowing at training intensity. The interface
had been specifically designed with acceleration emanating from the centre of the
screen and scrolling from left to right as it was felt that this would focus the
athlete’s attention and be the most natural way to absorb the information.
Video synchronisation was discussed alongside the interface with a cross hair
used to indicate location. This would be most relevant for data review rather than
real-time feedback. Target traces were also mentioned with the model being either
a pre-programmed stroke or the best effort previously achieved.
Conversation led to the addition of stroke metrics on this interface with a
second participant citing his design (figure 4.12). On this interface, a range of
parameters would be provided including stroke rate, pace (split), time elapsed as
well as measures of foot stretcher, handle and resultant force and the amount of
time spent in particular stroke zones. The central bullseye component was likened
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Figure 4.11: Scrolling acceleration interface design originating from coach work-
shop.
to a ‘G-Force’ sensor with a central position being good and a marker away from
the centre being bad. It was appreciated that the bullseye would move very quickly.
While further clarification of this interface was sought after the workshop, exact
clarity on the operation of the bullseye was not clear. A follow-up workshop may
have produced further concurrent designs but could not be organised and therefore
a further concurrent design was conceived by the investigator.
Two versions of the scrolling interface were implemented. The original (figure
4.13) replicated the design produced at the workshop. In the first instance no
model was included nor any video synchronisation. It was also kept as a purely
concurrent interface and therefore no stroke metrics were included. Following user
feedback (chapter 6), a second version of this interface was produced with data
updating from the right hand side of the screen and accelerations only appearing
one side of the line depending upon polarity (figure 4.14). This made the inter-
face look similar to graphs presented in reports and therefore more intuitive to
interpret. It also meant that polarity was indicated by both screen location and
colour.
The bullseye interface was simplified to remove the stroke level numerical con-
tent. Further conversations with the designer, who was also one of the future
study coaches, led to a design that had a fixed radius black circle to represent
zero acceleration, an expanding green circle to represent positive acceleration (fig-
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Figure 4.12: Bullseye interface design originating from coach workshop.
Figure 4.13: Left to right scrolling acceleration interface.
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Figure 4.14: Modified right to left scrolling acceleration interface.
(a) Positive acceleration. (b) Negative acceleration.
Figure 4.15: Bullseye interface.
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ure 4.15a) and a contracting red circle representing negative acceleration (figure
4.15b). Pilot testing of this interface showed that the resolutions of small acceler-
ations were masked by large accelerations around the front reversal of the stroke
and hence a logarithmic acceleration scale was used.
Figure 4.16 shows the concurrent interface that was designed by the investig-
ator. An attempt was made to distinguish the loading of the foot stretcher from
the resultant forces applied during the drive of the stroke. The left hand ‘Recovery’
panel displayed only foot stretcher force in the same plane as handle travel during
mid-recovery to mid-drive. In reality, the horizontal axis of this panel was time
since it was discovered that graphing foot stretcher force against handle position
led to a discontinuous and unrepresentative trace. Horizontal scaling was calcu-
lated by the time to complete this section of the previous stroke. The ‘Drive’ panel
displayed acceleration against handle position from the minimum to the maximum
handle excursion. Scaling for this panel was set through the user interface control
panel based on athlete typical stroke parameters.
Figure 4.16: Split screen interface.
Historical data was integrated into the design. Concurrent information was
traced using a red spot with the current stroke displayed as a red line. At the
start of the next stroke for that panel the red line would become a blue line,
the oldest of the five historical blue lines would be removed and the new stroke
information would begin to appear in red.
The terminal interface would display either the quality of catch, drive or stroke
measure for the previous stroke as a numerical value. No specific coach input was
given to this design due to its simplicity although two screens were developed. The
first showed the value in red enclosed within a box and a target value in black.
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Figure 4.17: Statistics history interface.
Figure 4.17 shows the second terminal interface that plotted the metrics from 10
historical strokes with latest stroke added to the left of the graph. In both cases,
targets and graph scales were set through the user interface control panel.
The concurrent and terminal interfaces were piloted with one of the coaches
involved with the training study. A full description of the results of the user testing
and evaluation study are available in chapter 6.
4.2.4 Summary of HCD Findings
The adoption of the HCD plan successfully led to a set of rowing specific augmen-
ted feedback interfaces and, with future testing, further design iterations will be
made. Not all aspects of the plan were completed with the main challenge being
contact time with elite coaches which is most likely due to only partial engagement.
Limited access to the rowing community dictated that the pilot study in-
volved high performance athletes while the second study involved high perform-
ance coaches. The athlete group produced a richer set of candidate interfaces than
the coaches and it is not clear whether this was because of the different roles ath-
letes and coaches have, the age of the participants or the complexity of the rowing
skill to be trained. The high performance coaches were certainly more open to
involvement in a workshop style session than elite coaches and were prepared to
involve their athletes in the resulting training study.
Possible reasons for a lack of elite coach engagement include:
• The primary focus of elite coaches is on athletes and, more fundamentally,
results. Any work performed outside of this primary aim must be seen to be
directly performance enhancing.
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• There are limited opportunities to engage with elite coaches. The best ap-
proach is to be fully immersed in the daily coaching environment but this is
not always feasible. While the investigator’s historical work with the team
opened up access opportunities, it allowed conversations to move off topic.
• Lead coaches were involved in personal research project activities. While
these projects had common themes it was inevitable that the directions of
the projects would be slightly different due to the different intended outcomes
and teams involved. This caused a conflict of agendas and made cooperation
challenging.
• Coaches were involved too early in the design process. While the design liter-
ature promoted the adoption of HTA, coaching is a simple but unstructured
task that does not need verification once documented. These tasks frustrated
coaches because they felt their time was not being used optimally.
• Coaches did not appreciate having their coaching role documented or to feel
that their knowledge was being questioned. The selected HCD activities
made it very difficult to avoid this happening.
• Coaches are used to using off-the-shelf coaching tools. They are not familiar
with being involved in the formal design of a new product. Their instinct-
ive approach was to assume they knew the best technologies to adopt or
parameters to display and chose not to be led by the investigator.
In a typical design programme it would be common for the same group of
participants to be involved throughout the process. Because of the reasons listed
above this did not happen although it was interesting that the project was still
able to progress to a successful outcome. The expectation is that the elite coaches,
while not directly involved towards the end of the research, will be interested in
the findings and be keen to identify how these can be applied within the team.
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4.3 Conclusion
The aim of this study was to design candidate feedback interfaces to facilitate
feedback training in rowing. Of equal interest was the adoption of HCD in an
elite sporting context, a user group that has received no documented academic
attention. This research has been successful in both aspects and the adoption of
HCD in the design of similar augmented feedback tools in elite sport is promoted.
Delivering a product that is fit for purpose is always the goal of a designer
although user engagement is of equal importance for the resulting product to be
adopted. A unique set of challenges were met when working with this particu-
lar set of elite coaches and, because of their time availability, it is of particular
importance not to involve coaches in detail that is not considered relevant. The
solution to partial elite coach engagement in this project, suggested by the team’s
Technical Coordinator, was to work with high performance coaches instead with
the expectation that elite coaches will still be able to reap positive benefits from
the results. Fortunately this individual remained fully engaged throughout the
project which was considered a key reason for its successful outcome.
Common themes throughout meetings with coaches was a desire for coaching
tools that provided targets for athletes to focus on as well as a desire for clear
and simple interfaces. In the context of augmented feedback in sport it is of
equal importance to have a fully understood determinant of performance that is
central to candidate designs. The task of understanding what information should
be provided to athletes and coaches is non-trivial in a coaching task and the best
solution may be to give coaches access to a range of parameters leaving coaches
to decide for themselves what information they wish to receive.
Chapter 5
Rowing Feedback Technology
Research was undertaken to deliver real-time augmented feedback to athletes in
both water-based and land-based environments. The suitability of commercially
available instrumentation systems and COTS products was evaluated and the
resulting hardware components were physically integrated. Software was then
designed and implemented to create working prototypes to manage data collection,
perform rowing specific analysis and realise display interfaces.
Both prototype feedback systems were evaluated for their suitability in deliv-
ering augmented feedback during the cognitive phase of learning. This evaluation
led to the instrumentation of a rowing simulator and its application in delivering
real-time augmented feedback across a range of novel concurrent and terminal
interfaces following MCLT best practice.
A study into networking performance across a water environment was also
undertaken to validate the choice of networking protocol.
5.1 Water-based Feedback System
Augmented feedback is used in sport to provide information that would otherwise
not be available to athletes (Magill and D. I. Anderson 2014). During on water
rowing, existing technology limits augmented feedback to the visual display of
boat level information such as the number of strokes taken per minute, distance
travelled and boat speed1. Unfortunately, boat level data fails to differentiate an
individual’s contributions towards net boat speed. Although the use of athlete
level real-time feedback is promoted (Altenburg et al. 2012), the reality is that
very few rowing nations currently use real-time feedback due to the commercial
unavailability of suitable athlete level systems with less sophisticated terminal
feedback via reports and video overlaid with data provided instead.
1 SpeedCoach and SpeedCoach GPS, Nielsen Kellerman, Boothwyn, PA
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Water-based real-time feedback has been shown to achieve skill acquisition in
rowing including the reduction of hull speed variations through hull acceleration
sonification (Schaffert et al. 2011) and the use of in-boat displays by two-oared
scullers, demonstrating improved force synchronisation within 10 strokes (Mattes
et al. 1997). However, these examples do not unequivocally draw the link between
skill acquisition and improved race performance and this is attributed to the in-
creased levels of attentional focus achieved when athletes are under a controlled
testing environment potentially masking true levels of effectiveness (Schaffert et
al. 2011) or attributed to the inability for an athlete to retain the learnt skill
under race conditions. Additionally, feedback is either provided or not provided
for a session without an ability to experiment with intra-session feedback dura-
tion or timing which may lead to a dependency on feedback (Schmidt and Lee
2011). There is reliance upon a single feedback modality which contradicts re-
search that promotes the simultaneous use of multiple feedback modalities (Sigrist
et al. 2013a) and the visual presentation of the data (Mattes et al. 1997) did not
undergo ergonomic trials during development.
There is, therefore, a need to develop a technical architecture for the delivery
of real-time feedback in rowing that facilitates intricate coach-driven control of
intra-session feedback and that follows an HCD approach. The system should be
able to provide feedback to up to nine athletes and a coach simultaneously with
the capability to ‘display’ information in multiple formats.
5.1.1 System Requirements
An HCD approach to system requirements capture and design was followed in
order to build an effective and efficient biomechanical feedback system. Session
plans and outputs of meetings and workshops held with high performance athletes
and coaches are detailed in chapter 4. As is common with many projects in elite
sport, the fundamental requirement of the system was to deliver an underlying
performance gain to athletes.
An output of the requirements capture process was a context of use (CoU)
document that detailed the system users, the tasks the users would need to per-
form and environmental considerations of the system, such as its use in an out-
door water-based environment (appendix D). Athletes would use the system while
moving within a rowing boat and focus was therefore placed upon simplification
of the feedback they received. Stroke angles and boat velocity parameters were
the biomechanical parameters that would be fed back. The feedback would be
delivered directly to the athletes as well as to the coach and, importantly, those
data would be semantically processed and presented in ways that are meaningful
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to give simple, but sufficiently accurate, feedback. The context of use also high-
lighted the throughput requirement of any data transport protocols adopted and
the range over which the data needed to be carried. For the rowing application,
the maximum data rate to 10 clients when taking 16 bit samples at 50 Hz from
a data logger was 544 kbit/ sec. The required range between the boat and the
client devices was set at 50 m. Consideration was given to the overall weight of
equipment to be carried within the boat.
Novel requirements of the system included the wireless, simultaneous delivery
of data to up to 10 users. Of particular importance was the fact that the coach
would be given the ability to interact with each of the athlete displays to ma-
nipulate what feedback signals each athlete received, as they row, based on their
individual performance and requirements. This functionality would facilitate in-
tricate control over feedback strategies during future research while continuing to
allow the coach to remain central to the delivery of elite-level rowing athletes.
Future system expansion was included as an initial requirement. As well as
utilising the powerful visual display capabilities offered by tablet computers, peri-
pherals, for example heads-up displays and headphones, might subsequently be
adopted. Equally, as data may in the future come from a range of sources and not
just a single rowing instrumentation system, connectivity was considered import-
ant.
5.1.2 System Design
Data collection systems in sport consist of sensors to measure sport-specific move-
ments or physiological parameters from the athlete, associated data storage and
a local feedback pathway. Generally the stored information is used to provide
terminal feedback while the local feedback is received only by the specific athlete
as an audible or a visual cue. Typically the data flow is simple and does not
allow the coach to monitor or customise the feedback received by the athlete in
real-time. An enhanced architecture is presented here (figure 5.1).
Many sporting systems provide a real-time telemetry stream and, unless a suit-
able remote interface is provided by the manufacturer, it is the task of the sports
technologist to route and then display this information to the athlete. Interfaces
to a data producer might take a wired (e.g. RS232, USB or Ethernet) or a wire-
less (e.g. Wi-Fi, ANT, Bluetooth or ZigBee) format and the interface selection
should be driven by the specifics of the data producer, the required data rate, the
acceptable loss of packets during communication and the physical transmission
range.
Within the middleware of the proposed architecture, two roles are performed.
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Figure 5.1: Generic real-time data system with integrated control loop.
Firstly, received data packets from any of the interfaced components are decoded
to determine the intended recipient (consumer) and then routed to their desired
destination. In this application, which has multiple consumers, it is possible that
the same data packet will be sent to more than one consumer. The middleware also
holds state information including: the current configuration of the real-time data
being sensed, the currently active configurations of each consumer and any errors
that have occurred during the lifetime of the session. The associated state control
pathway allows any client or manager to modify the state of the middleware and
therefore re-configure what data a consumer is viewing, or the bias of any feedback
being received.
The athlete data consumers provide interfaces, designed and tested in con-
sultation with the users, for displaying live data in a format that is intended to
maximise skill acquisition. The coach device also provides data interfaces although
these will typically provide more complex data presentation since the coach is not
performing simultaneous sporting movements and is therefore able to apply more
cognitive processing to data interpretation.
In the system architecture, two interfaces exist between each data consumer
and the middleware. The data interface is dedicated to the consumer in question
and carries the relevant real-time data that originated from the data producer.
The second interface is shared between all consumers and is able to read state
information from the middleware and also pass configuration messages relating to
their own data displays or the displays of any other consumer. It is anticipated
that this ability will only be provided to the coach or manager of the training
session. However, this feature opens up powerful options for the control of the
feedback delivered to the athlete.
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5.1.3 System Implementation
The new architecture was applied to the delivery of biomechanical real-time feed-
back in rowing (figure 5.2). A validated rowing instrumentation system2 (Coker
et al. 2009) was selected (figure 5.3a) to produce a serial data stream. A com-
mercial Wi-Fi router3 was chosen as the middleware hardware and installed with
OpenWRT. The socat utility routed serial data to a custom-written embedded C
application, Peach2Net. Peach2Net subsequently directed this data to consumers
via sockets to each connected client device and employed named pipes to commu-
nicate with the control logic running on OpenWRT’s web server software.
Server – Picostation Wireless Router
JSON Boat and 
Client Configurations
LUA Scripts
(web service)
1-way Named Pipes:
1 x Rowing Device
10 x Client Devices
socat Peach2Net
Rowing 
device 
socket
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NativeUI
Data View
Widgets
Frontend Display Components
Client Device - Tablet
Figure 5.2: Software system architecture.
State in the middleware was stored using JSON files and control scripts to
manage the start-up process and the control messages coming from the clients
were written in Lua. The rowing technician would be responsible for generating
state files for each specific boat configuration and loading these for each session.
MoSync4 was selected to write the client application as this allowed it to be
deployed to both Apple iOS and Google Android devices, the two current market-
leading mobile device operating systems (Gartner 2012). Upon investigation, the
MoSync platform was found to transfer data reliably via Transmission Control
Protocol (TCP) although it did not allow use of User Datagram Protocol (UDP).
2Powerline instrumentation system, Peach Innovations, Cambridge, UK
3Picostation, Ubiquiti Networks, San Jose, US
4A cross-platform mobile development tool (XMT) implemented in C++.
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(a) Server components including Powerline
logger, cross-over cable, TTL-RS232 level
shifter, Picostation router, and battery
(b) Client display, mounted in a boat
Figure 5.3: Wireless solution.
Threading was not available in MoSync although asynchronous behaviour was
achievable through listeners and an event framework. Listeners were set-up to
react to screen interaction, network activity, loss of screen focus and event timers
(e.g. to periodically trigger a screen refresh).
MoSync permitted the menu system to be developed as a WebView (HTML5)
or natively in C++ using the NativeUI library. Investigation showed WebViews to
be the preferred route for our prototype because it was easier to predict how the
same code would render on the different hardware platforms and it was also pos-
sible to utilise mobile specific, touch optimised HTML 5 libraries such as JQuery
Mobile. However, WebViews were not responsive enough to deliver the real-time
interfaces nor did they provide the required design flexibility. Therefore, the data
interfaces were implemented in OpenGL-ES, a low-level graphical rendering lib-
rary specific to mobile devices.
The client tablets were housed inside rugged casings and mounted to the foot
stretchers of the boat using removable metal brackets (figure 5.3b).
5.1.4 Discussion
A novel coach-driven real-time feedback system architecture has been presented
for use on water and applied to the sport of rowing. During prototype devel-
opment, industry standard Wi-Fi networking was integrated with a commercial
rowing instrumentation system and modern tablet computers using a myriad of
software techniques and technologies including: Embedded C, C++, Lua, JSON,
OpenGL-ES, OpenWrt, MoSync, JQuery Mobile, HTML5 and Javascript. The
architecture was considered capable of expansion to accept data from alternative
sensor instrumentation and to accept alternative display interfaces.
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The coach-driven nature of the system enables the coach to finely manipulate
the feedback received by each athlete remotely and while the athlete is rowing,
thereby optimising the opportunity for skill acquisition through shorter feedback
cycles and feedback that is tailored to individual athlete requirements.
This research has demonstrated what can be achieved through the incorpora-
tion of HCD and with minimal development time and resource availability. Sub-
sequent studies will capture quantitative and qualitative data relating to system
performance during on water rowing. Following the iterative approach that is
central to HCD, feedback obtained will act as an input to any re-development
that is considered necessary.
5.2 Boat Area Network Validation
Coaches from the Great Britain Rowing Team had requested enhanced biomech-
anical feedback to be provided to themselves and to their athletes during training.
This research focuses on this data provision across a wireless network set-up within
the boat (BAN). Research by R. Anderson and Collins 2004 promotes the use of
IEEE 802.11 or Wi-Fi at the data link layer for delivering augmented feedback
in sport and, more specifically, Turner 2008 promotes its use in rowing. Collins
2011 performs detailed tests of data rates and ranges both indoors and outdoors.
During an indoor test at 4.8 kbit s−1, a data rate concluded to be maximal for the
recording of accelerations in body movements (Evans et al. 1991), Collins observed
121.5 ms delays with a 95 % confidence limit range from 102.2 and 140.8 ms. This
new research will extend these tests to a water based environment and validate
data streams of up to 1.09 Mbit s−1 as required by the rowing instrumentation.
Two candidates exist at the data transport layer. TCP is a lossless protocol
that requires a handshake to occur between the server and each client node as
data is transmitted. This protocol guarantees that data transmission is reliable
but requires a communication overhead and can introduce time delays depending
upon the quality of the network. Time delays can arise following the detection by
the transport layer that a packet has failed to be successfully transmitted resulting
in retransmission. Subsequently, any future packets will also be delayed pending
the original packet’s successful transmission. In the rowing application, multiple
clients will connect to the server and, using TCP, data would be replicated to
each client which would require a greater data rate than if the data were sent just
once. In the case of UDP, data is broadcast in much the same way as terrestrial
television or radio and there is no guarantee of data transmission. In a high
performing network, the clients simply listen to the broadcast data without the
need to acknowledge receipt of data. In a less ideal network there is a chance that
CHAPTER 5. ROWING FEEDBACK TECHNOLOGY 116
data is lost. There is, therefore, a trade-off to be made between data reliability and
data latency which this research aims to investigate in the context of providing
timely rowing feedback.
It is important to recognise that real-time feedback requires a different style
of data transfer than single file data transfer as often performed in web based
communications. In the web context, single large file transfer will cause network
traffic buffers to be filled until the transfer is complete while in the rowing con-
text, multiple packet transfers are attempted as each data sample arrives and any
network testing should reflect this distinction. It should be noted that TCP also
has the possibility for unreliable data transmission. In the real-time data transfer
scenario, data to be transmitted is stored in buffers and in the catastrophic delay
scenario, new data will overwrite data waiting to be transmitted. Conclusions will
be drawn on data reliability and latency in a BAN and the most suitable data
protocol to use at the transport layer.
The MoSync platform was used to develop the client application. MoSync
supports only TCP communications and therefore, TCP will be investigated in
the first instance.
This research aims to investigate whether TCP is a suitable transport protocol
for relaying rowing telemetry data across a water based BAN to up to 10 clients.
5.2.1 Method
Assuming a sampling frequency at 100 Hz, the maximum required data rate was
1088 kbit s−1 (64 channels of 16 bit samples to 10 client devices). The required
range between the boat and the client devices was set at 50 m as this represents
the maximum separation of a coaching launch from a boat during typical wa-
ter training. Network tests were performed in various environmental conditions
including: lab based testing, outdoor land testing (car park) and water based test-
ing. Each test involved a wireless server and up to nine client devices, designed to
resemble a crew of athletes, a coxswain and a coach.
Table 5.1: The encoding format of the transmitted simulated rowing data stream.
Byte number Value
0 0x57 (constant packet identifier)
1− 4 Number of milliseconds since the server started (unsigned)
5− 7 Incremental sequence number (unsigned)
8 Number of bytes in lossy buffer (unsigned)
9− 134 Random bytes (generated once so remained constant)
135 Checksum. Sum of bytes 0 135, modulo 256.
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Simulated rowing data (table 5.1) was generated at user defined sample rates
on a Wi-Fi router installed with OpenWRT and the Linux utility, socat, passed
this simulated data to a custom-written embedded C application. Multiple clients
could then open TCP ports to the application and receive a copy of the simulated
data. Each client connection was allocated a unique circular data buffer consisting
of 50 complete samples that were overwritten if data was not transmitted in a
timely fashion. In this way, there was the potential for lossy data transmission
but not for compounded latency due to an individual client’s connection blocking.
Android tablets5 acted as client devices. Each ran software written in MoSync
to recognise incoming packets with a valid 0x57 message and logged the sequence
number of each packet and the delta between the server and the local clock time
(table 5.2). Keep alive messages were also sent from each client device to the
router every five seconds which increased the network traffic.
Table 5.2: The encoding format of the data files stored on the client devices during
data collection.
Byte number Value
0 0x57 (constant packet identifier)
1− 4 Number of milliseconds since the server started (unsigned)
5− 7 Incremental sequence number (unsigned)
8 Number of bytes in lossy buffer (unsigned)
9− 12 Number of milliseconds since the router started (unsigned)
The lab based testing involved nine devices and the wireless router positioned
next to each other. The car park set-up included eight devices spaced to resemble
the layout of a rowing crew (figure 5.4) with the ninth device, resembling the coach
unit, positioned 50 m perpendicular to the simulated boat. The server hardware
was mounted within a cardboard box with the antenna orientated vertically to
ensure the horizontal radiation was maximised in line with manufacturer recom-
mendation.
During the water based testing, the server was packaged and mounted by the
feet of the stern-most athlete (figure 5.5a) and the client devices were mounted in
the footwells of the crew (figure 5.5b). The researcher acted as the coach, carrying
the coach device as well as starting and stopping the server data stream (figure
5.5c) while the athletes were required to control the client devices (figure 5.5d).
5Nexus 7 Android tablet, Google Inc, Mountain View, CA.
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50 m
Figure 5.4: The layout of the server and client devices during car park testing was
designed to simulate the positioning within a rowing boat.
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(a) The server mounted in the boat
(b) Client devices mounted in the footwell
of each athlete within waterproof Tupper-
ware containers
(c) The investigator carrying the coach cli-
ent device and controlling the server
(d) The athletes operating the client
devices
Figure 5.5: On water apparatus set-up.
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5.2.2 Results
There was little variation in the probability density functions or delay spectra for
each data file and therefore typical examples only have been included. Figure 5.6
demonstrates a logarithmic curve tending towards a delay period where it was
100 % certain that a sample had been received.
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Figure 5.6: A typical probability density function with arrows to indicate the 90 %,
99 % and 99.9 % probabililty delay periods.
The delay spectra showed a random spread of time delays (figure 5.7). The
only exceptional delay spectra were observed when samples were dropped due to
the circular buffer overruning for a particular client device. These appeared as a
peak delay followed by samples arriving with normal levels. During the long delay,
samples may have been lost which was determined by a non-incremental jump in
the sample sequence numbers. In such situations, the client device would exper-
ience a data outage with a warning message presented on the interface notifying
the user of the issue.
Figures 5.8, 5.9 and 5.10 describe M and SD of the three 100 Hz test runs in
each of the environmental conditions across each device. Graphs of 50 Hz are not
presented here since they follow very similar trends albeit with shorter delay peri-
ods (appendix F). During the 100 Hz outdoor water testing (figure 5.10), samples
were dropped as indicated by numbers above the standard deviations for these
devices with table 5.3 describing whether these sample loses were distributed across
the whole test run or in distinct batches. Seat #1 and the coach were located fur-
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Figure 5.7: A typical delay plot after time drift removed and baselined at 0 ms
delay.
thest from the server which suggests why these client devices experienced the most
dropped packets.
Table 5.3: Network test runs performed, including dropped packets.
Test run Client device Sample rate (Hz) # Samples Batches of
dropped dropped samples
4 2000 (coach) 100 12 2
5 2001 (seat #1) 100 91 1
6 2001 (seat #1) 100 245 2
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Figure 5.8: 100 Hz indoor network results (M and SD).
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Figure 5.9: 100 Hz outdoor car park network testing results (M and SD).
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Figure 5.10: 100 Hz outdoor water network testing results (M and SD).
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5.2.3 Discussion
The results indicate that the water based environment had greater sample delays
than the car park environment which in turn had greater delays than the indoor
scenario. There was also a trend towards greater delays at 100 Hz sample rates
where twice as much data was transmitted. This distance related finding contra-
dicts Collins 2011 who found that the distance between server and client did not
affect data transfer delays. This discrepancy may be because in this particular
experiment, Collins used a file transfer protocol rather than a constant stream of
data samples and because of different environmental conditions. In all test cases it
was assumed that the competing radio environment did not affect results. Collins
also achieved data transfer rates of 4.8 kbit s−1 with a delay of 121.51 ms in an
indoor environment with a server to client separation of up to 30 m which is in
line with the 50 Hz indoor trials. However, our new research demonstrates that
with a constant stream of data at higher data rates and in a water environment,
delays of up to 2.5 s should be expected. These findings demonstrate that realistic
data packets and the correct environmental conditions have a wide ranging effect
on data latency. These findings suggest that concurrent feedback with 10 clients
and 64 sensors stretches the capabilities of this solution and alternatives such as
a different transport protocol or feedback modality might be considered, e.g. only
present terminal feedback that would be less impacted by data transfer delays.
In the outdoor tests there were differences between client devices depending on
where they were located while in the car park, the device at seat #3 experienced
greater delays within the simulated boat than devices at seats #2 and #1 which
were further from the server. This may have been due to traffic moving within
the car park that caused multi-path delays or the characteristics of the buildings
close to the test rig. The coach device at 50 m clearly showed the greatest delays.
The first test run was repeated because it was found that line of sight greatly
influenced sample delivery success and therefore for all subsequent runs, line of
sight with the wireless router was ensured. This would limit packet retransmission
and associated queuing of data.
During the water tests, the coach device showed the longest sample delay
followed by the device at seat #1 and furthest from the server. These two devices
also dropped packets at the higher sampling rate. These are important findings
because the data was typically dropped in batches due to buffer overruns (table
5.3) and therefore these devices would expect to have periods when no rowing
data would be received. In the case of the seat #1 device, it is unclear whether
these delays and data losses were due to its distance from the server or due to its
positioning below the water line surrounded by a hull predominantly constructed
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from carbon fibre. The coach delay may have been due to the safety launch driver
not maintaining a constant distance from the crew.
The results from this experiment should be considered in the context of both
concurrent and terminal feedback in rowing. A simple concurrent display would
describe to the athlete their exact movements in real-time. E.g. if their blade arc is
22◦ in front of the orthogonal, the display should show +22◦. In this scenario, data
latency is more critical than receiving all data packets and it should be considered
how delayed a sample can be before it is unhelpful for concurrent feedback. Using
the 50 Hz water based results, it is possible to reject any sample delayed for more
than 20 ms and still achieve 90 % of the samples. Given a screen refresh rate of
15 Hz, this finding would appear to be acceptable. However, if the concurrent
feedback design was more complex, e.g. display a graph of pin force application,
dropping 10 % of the samples would be less acceptable as any graph would have
reduced resolution.
With terminal feedback, the data requirements are different. Terminal feed-
back in rowing may simply be the maximum and minimum range of stroke arc or
it may take several data channels across a stroke sample and perform a compound
calculation to parameterise the stroke for the athlete. In this scenario, it is critical
that all data is received by the client although a small delay in receiving the data is
acceptable. Looking at the 50 Hz water based results, seat #1 experienced 99.99 %
of data after a 745 ms delay. If the athlete was rowing at 30 strokes/min and the
stroke duration was therefore 2 s, this would be a delay of close to half a stroke
cycle before feedback could be provided. Additional user testing is necessary to
ascertain whether this delay is acceptable.
5.2.4 Conclusion
The first conclusion from this experiment is that the hardware should be con-
sidered appropriate for use in a water based environment within the specified cri-
terion data rate. There were no issues identified relating to unreliability although
suitable waterproofing should be considered during any future commercialisation
of the product.
The viability of the TCP wireless network for use in the rowing application is
less clear. In a simple concurrent feedback design it is likely to be acceptable to
the users. However in more complex use cases, either the rejection of data not
received in a timely nature or data delays may prove unacceptable. It is therefore
proposed that alternative data protocols are researched or the volume of data
transmitted to each client is reduced due to the clear correlation between volume
of data transmitted and data latency.
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5.3 Simulator Feedback System
An indoor simulated rowing environment increases the options available for provid-
ing feedback to the athlete thereby ensuring that the athlete’s ability to cognitively
process the augmented feedback is not a limiting factor in achieving skill develop-
ment. For example, data could be displayed on a wide screen television in a lab
or audible feedback could be provided through speaker based options not readily
available in a rowing boat. The coach is also able to easily provide haptic and
verbal cues as necessary. This research aims to optimise the feedback interface
with the athlete and therefore the intention is to iterate through interface designs
based on athlete feedback and measure the ability of elite athletes to react to the
displayed feedback in targeted experiments thereby following a human centred
design (HCD) approach. The indoor environment will make these experiments
more controllable.
The adoption of an instrumented rowing simulator will also facilitate the initial
or cognitive stage of learning. During this phase of learning, the athlete attempts
to understand the task and its demands and should receive detailed (concurrent)
feedback in the form of demonstrations or visual or audible cues (Fitts and Posner
1967). Subsequent feedback in the associative and autonomous phases of learning
involves more summarised feedback. Providing detailed feedback in an indoor
and simplified environment allows the athlete to focus on the cues provided and
experiment with movement patterns without the distraction of weather conditions,
the need to steer and balance the boat or react to other athletes within a crew. It
is envisaged that the benefits of this stage, although short, should form an integral
part of the skill learning process for elite rowers requiring specific skill training.
The selected rowing simulator is required to simulate water rowing as closely
as possible including the recovery phase of the stroke. Baca et al. 2006 and Elliott
et al. 2001 concluded that rowing on the Concept 2 ergometer on slides6 and the
RowPerfect respectively closely represents on water rowing and Baca in particular
emphasised the superior performance of the Concept 2 ergometer on slides as a
rowing simulator over an ergometer without a sliding flywheel. These findings
led to the selection of an ergometer with a sliding head for this project. The
second requirement of the ergometer was that the foot stretcher could be easily
instrumented. The only commercial rowing simulator with a sliding head without
a central monorail running between the feet is the Oartec Slider7 and this permits
the installation of a commercially available instrumented foot plate, the same foot
plate that will be used in the water set-up. Experimentation will be performed to
6Accessory from Concept 2 that turns a static rowing ergometer into a floating head ergometer
7Oartec, Sydney, Australia
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validate the similarity between ergometer and on water rowing during a rowing
stroke.
The rowing simulator instrumentation system took the form of data acquisition
hardware and PC based software to present the acquired data as custom interfaces
as designed by the HCD process. A bespoke calibration process was used to
validate the measures of load reported by the system.
5.3.1 Data Acquisition
The data acquisition system architecture (figure 5.11) could accept instrumenta-
tion from up to four sensors (figure 5.12 and 5.13):
• A Powerline foot stretcher loading platform was ordered with a customised
firmware that streamed samples at 250 Hz across an RS485 interface. An
RS485 transceiver8 converted this stream to UART voltage levels.
• A three dimensional accelerometer9 was configured to stream samples at
128 Hz across SPI.
• An angle encoder10 connected to a USB encoder interface11 streamed samples
at 1000 Hz.
• A load cell12 connected to a USB load cell interface13 was configured to
stream samples at 300 Hz.
Each of the sensors could be attached to the rowing simulator based on testing
requirements: the foot stretcher was mounted in place of the manufacturer’s shoe
plate at 42◦ to the horizontal, the accelerometer was mounted on the floating
section of the simulator, the angle encoder was mounted on the flywheel axle to
measure handle position while the load cell was mounted into a Concept 2 rowing
handle and fitted to the simulator to measure force in series with the chain. An
embedded dual USB host controller14 synchronised the sensor samples using the
accelerometer as the primary clock with latest samples taken from all other sensors
(figure 5.14). The output of the controller’s UART was used to stream samples
to the PC software via a UART to USB converter15 which also provided power to
the sensor hardware.
8MAX3485 RS485 transceiver, Maxim, Sunnyvale, CA.
9ADIS16210 three dimensional accelerometer, Analog Devices, Norwood, MA.
10RM44 angle encoder, RLS, Komenda, Slovenia.
11P201 USB angle encoder interface, Protura, Loughborough UK.
12ELHS-T1M-2.5KN load cell, Measurement Specialties, Shenzhen, China.
13DSCUSB USB load cell interface, Mantracourt, Exeter, UK.
14Vinculum-II embedded dual USB host controller, FTDI, Glasgow, UK.
15TTL-232RG-VSW5V-WE UART to USB converter, FTDI, Glasgow, UK.
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Figure 5.11: Rowing simulator data acquisition system architecture.
Angle Encoder
Foot Stretcher
Accelerometer
UART to USB
Collated data out
FTDI
Microcontroller
Figure 5.12: Rowing simulator data acquisition hardware.
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Figure 5.13: Data acquisition hardware installed onto rowing simulator.
Figure 5.14: FTDI 32pin VNC2 based module, integrated into data acquisition
solution.
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5.3.2 Feedback Software
Figure 5.15 describes the architecture of the LabVIEW based feedback system. A
stand-alone data router module could accept samples from the data acquisition
hardware in real-time, perform logging and place samples onto a named queue for
the display interfaces. For debugging purposes, the data router was also able to
replay data from previously logged sessions at a customisable sample rate.
Data Router
Display 
Controller
Displays
Samples
Control
Figure 5.15: Simulator feedback system software architecture.
The display controller was operated by the investigator during the training
session and used to select the display to be presented and to set athlete specific
parameters, e.g. stroke length and force or acceleration magnitudes. LabVIEW’s
picture module was used to generate visual feedback interfaces, providing function-
ality to draw rudimentary lines and shapes as well as position and scale graphics.
Due to the computational load of this approach, a back buffer was used to prepare
the next frame in order to prevent image flickering. The screen update rate was
set to display the new frame as soon as it had been rendered although, depending
upon the complexity of the interface, this typically resulted in a frame rate of
20 fps.
The LabVIEW software also generated the audible interface with data provided
on a distinct named queue and configuration performed by the data controller. 25
sinusoidal tones, each separated by two semi-tones, described a four octave range
of frequencies as used by Cesarini et al. 2014 . Loudness compensation was not
recreated as the laptop generated sounds did not appear to need compensation
and it was concluded that compensation was already being applied within the PC.
The complete rowing simulator solution is shown in figure 5.16. The screen
was used to present the visual interfaces to the athlete while the speaker (located
on the stand of the screen) presented audible feedback. The laptop used to control
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the interfaces is not displayed.
Figure 5.16: Rowing simulator solution including visual and audible feedback.
5.3.3 Load Sensor Calibration
Calibration of the rowing handle and foot stretcher were performed in custom
rigs. The rowing handle was clamped in two aluminium cups 100 mm from the
ends of the handle while being allowed to rotate freely. The U-bolt of the handle
was attached via a flexible cable to an electromechanical testing machine16 which
applied rowing specific one-dimensional tensile loads and was fitted with a 5 kN
load cell. As load was applied, the handle self-oriented itself to ensure that the
contained load cell measured force in the same orientation as the testing machine
(figure 5.17).
The foot stretcher was mounted such that the force applied to it acted at 42◦,
the same orientation as when mounted in a boat or on the rowing simulator. The
testing machine was fitted with a hanger that was tethered to an aluminium plate
and wooden foot board which was in turn fitted in series with the foot stretcher
sensor (figure 5.18), a configuration representative of on water rowing conditions.
The aluminium plate had five different mounting positions enabling movement of
the hanger over a range of 50 cm. This configuration allowed compressive and
tensile loads to be applied to the sensor as water data collected by the GB Rowing
Team had highlighted an athlete will typically pull as well as push with their feet
in a boat. Care was taken to align the testing machine’s load cell with the sensor
163365 electromechanical testing machine, Instron, High Wycombe, UK.
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Figure 5.17: Jig for calibrating rowing handle.
jig in order to prevent out of plane loads damaging the uni-directional reference
load cell.
Repeated ramp tests were applied to each sensor at five different loadings.
For the foot stretcher, these tests were performed at three mounting locations.
For both sets of calibrations, two data files were obtained from the sensor under
test and the testing machine and analysed in LabVIEW (figure 5.19). Sets of
data points were used to determine calibration factors and to identify any specific
characteristics of the sensors of interest.
The handle set-up was found to exhibit hysteresis with the unloading phase
reporting greater load than the loading phase. This suggests that the handle
has elastic properties that should be considered during testing or an alternative
construction should be developed with a more rigid construction. With regards to
the foot stretcher set-up it was identified that the measured load was dependent
upon the applied force centre of pressure.
These non-linear force findings could not easily be resolved as part of this
project. This conclusion steered the investigator to instead use an accelerometer
to provide a quantified representation of resolved force on the rowing simulator
rather than subtract the handle force from the foot stretcher force. Only the split
screen velocity parameterisation interface relied upon raw foot stretcher force data,
displaying stroke to stroke comparative information rather than quantification of
force. Since a representation of force only was required it was not considered
critical to acquire a fully calibrated measure of force for either the handle or the
foot stretcher. Further results from the calibration testing have not, therefore,
been included.
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Figure 5.18: Jig for calibrating foot stretcher.
Figure 5.19: Example LabVIEW screenshot during rowing handle calibration pro-
cessing.
Chapter 6
Training Case Series
This chapter describes two participant based studies. The main training study
is a case series following a group of athletes through a skill training intervention
using the land-based instrumented ergometer that has been developed alongside
the interfaces designed to train velocity parameters during the front reversal and
drive of the rowing stroke. Best practice Motor Control Learning Theory (MCLT)
guidelines have been followed.
To justify such a study on land it is also necessary to compare data from both
environments and understand how any improvements would transfer to perform-
ance on water. The initial study compares like for like step tests performed on
water and land and then describes the resulting calculation of velocity parameters.
Similarities and differences are identified and considered in the context of using
the ergometer for skills training on land.
6.1 Simulator Justification
The use of a simulator for skills training on water relies upon the assumption that
land-based rowing is similar to water-based rowing. This assumption is supported
from a biomechanical standpoint by Elliott et al. 2001 and Marcolin et al. 2015
although should be specifically tested for the application of velocity parameterisa-
tion and skill training.
Figure 6.1 presents the horizontal forces acting on a rowing hull during the drive
phase of the stroke. Young 2009 considered horizontal seat forces caused by rolling
friction to be trivial and so these are generally ignored for simplicity. The resulting
internal forces acting upon the boat (red) can be described by equation 6.1.
~Fboat = ~Fpin + ~Fstretcher (6.1)
Baca et al. 2006 compared an athlete’s technique from the boat and from a
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Figure 6.1: Forces acting on a rowing hull during the drive phase of the rowing
stroke (adapted from Mattes and Schaffert 2010).
rowing ergometer using an instrumented foot stretcher. Equation 6.2 describes the
horizontal forces acting on the ergometer (with all vector forces acting away from
the flywheel of the ergometer). The foot stretcher was validated by measuring
both the pulling force on the handle (~Fhandle) and the ground reaction force of
the ergometer measured from a force plate (~Fgrf ) and it was demonstrated that
this correlated with measured force on the foot stretcher (~Fstretcher). N.B. No
environmental forces are considered in this model.
~Fgrf = ~Fhandle + ~Fstretcher (6.2)
Baca et al. continued by presenting findings comparing foot stretcher forces
measured from a static ergometer, an ergometer on slides and from a rowing
boat. Quotients of the areas under the curves were used to compare left and
right foot forces although no quantitative assessment was made comparing the
rowing modalities. Qualitative assessment suggested that the ergometer on slides
produced more similar technique to water rowing than the static ergometer.
These findings are not sufficient to test velocity parameterisation in the two
environmental conditions. The major difference between the systems is the air
and water resistance experienced in a boat and, if necessary, these may need to be
modelled to achieve a better correlation between the two testing environments. It
is also not immediately clear how differently athletes apply forces on land and on
water and the consequences of these differences. For example, an athlete is not
penalised on land for achieving high stretcher force.
Pilot work was performed to measure foot stretcher, pin and handle forces in
the boat and on the ergometer. While measurements were achieved, limitations
in the accuracy of the sensors meant summing the forces was not a valid solution.
The other limitation with the collection of kinetic data on water was gaining access
to multiple sets of instrumentation. These practical considerations meant that an
alternative approach of data collection was sought. From Newton’s second law of
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motion and in the absence of any mass redistribution, the sum of the forces acting
on a system is equal to the sum of the mass and resulting acceleration. While
it is recognised that there is momentum caused by the movement of the athletes
within the hull of the boat, equation 6.3 provides a link between acceleration and
the forces acting in the boat. A similar approach can be adopted for the ergometer
(equation 6.4).
m1.~aboat = ~Fpin + ~Fstretcher − (~Fwater + ~Fair) (6.3)
m2.~agrf = ~Fhandle + ~Fstretcher (6.4)
Therefore, a comparative approach was to record acceleration data from the
boat and the land with athletes performing similar rowing protocols. Acceleration
data on water is regularly collected as an input to equation 6.3 although acceler-
ation data on a sliding ergometer’s moving surface as input to equation 6.4 has
not previously been documented. This approach adds simplicity to data collection
and also avoids the need for validated load cell data collected at the handle and
foot stretcher of the ergometer.
6.1.1 Methodology
Athletes from the GBRT Start programme and the high performance group at
Nottingham Rowing Club, UK (m = 7, f = 7; age 22.2 ± 3.3 years) volunteered
for the study. Following ethical approval of the proposed test methodolgy, each
athlete performed a water-based step test on day one of testing in single sculling
boats with calibrated rowing specific accelerometers1 mounted to each hull canvas
(in accordance with manufacturer recommendations). The step test protocol is
shown in table 6.1 with race pace referring to the athlete’s normal competition
stroke rate when competing across 2000 m and above race pace referring to a
maximal sprint stroke rate.
On day two, the same group of athletes performed a land-based step test on a
floating head rowing ergometer2 with similar rowing specific accelerometers moun-
ted to the horizontal upper sliding surface of the ergometer next to the flywheel.
The ergometer drag factor was held at 135 for all trials to ensure consistent bio-
mechanical loading. The corresponding land-based step protocol is shown in table
6.2. Athletes were given 2 min of familiarisation time before the first step and
1 min interval between steps.
1Catapult Sports, Melbourne, Australia
2Oartech Slider, Oartec, Sydney, Australia
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Table 6.1: Water step test protocol.
# Distance (m) Stroke Rate (spm) Direction
1 500 24 Down
2 500 28 Down
3 500 24 Up
4 500 28 Up
5 1000 Race pace Down
6 1000 Race pace Up
7 250 Above race pace Up
8 250 Above race pace Down
Table 6.2: Land step test protocol.
# Duration (s) stroke rate (spm)
1 1 min 24
2 1 min 28
3 1 min 30
4 1 min 32
5 1 min 34
For all test periods, athletes were instructed to achieve a maximal but consist-
ent effort throughout.
Data Analysis
Acceleration data from each test was analysed with measures of QoS, QoC, QoD,
VD, VR, DR, as defined in chapter 3, calculated as an average of 10 consecutive
strokes in each direction for the water and 10 strokes on the ergometer. The stroke
rates achieved by each athlete were not exactly as prescribed and therefore, for
comparative purposes, interpolation using the Cubic Hermite algorithm was per-
formed in LabVIEW at stroke rates of 24 spm, 28 spm and 32 spm. This particular
algorithm was found to be less sensitive to outlying values than a cubic spline.
Pearson correlation coefficients were calculated in a statistical analysis pack-
age3 across each measure at each stroke rate. In the scenario where no significant
correlations were found, visual inspection of indicative graphs from each environ-
ment were compared in order to understand why discrepancies might exist.
3IBM SPSS Statistics v22, IBM Corp., Armonk, NY
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6.1.2 Results
The stroke rates achieved by the male and female athletes for both the land and
water phases of the study are shown in figure 6.2. It can be seen that the standard
deviations were greater on water than land and the higher stroke rates were easier
for the male athletes to achieve than the female athletes.
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Figure 6.2: Achieved stroke rates during land and water step tests.
The correlations between parameters measured on land and on water are avail-
able in table 6.3. Only QoD at SR = 24 was strongly correlated between the two
environments, r(14) = 0.646, p < 0.05.
Table 6.3: Pearson correlation coefficients comparing land and water measures of
each velocity parameterisation metric at each stroke rate.
24 28 32
Quality of Catch r = −0.029 r = 0.320 r = 0.226
Quality of Drive r = 0.646* r = 0.463 r = 0.197
Quality of Stroke r = 0.518 r = 0.159 r = 0.141
Velocity Delta r = 0.111 r = 0.393 r = 0.432
Velocity Ripple r = 0.145 r = 0.107 r = 0.313
Drive Ratio r = 0.311 r = 0.447 r = 0.385
* Correlation is significant at the 0.05 level (2-tailed)
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6.1.3 Discussion
The analysis was performed at stroke rates of 24 spm, 28 spm and 32 spm and
while these were not the exact values tested at, these specific stroke rates were
encompassed by the test protocols. The standard deviations were smaller on land
possibly because either there were no environmental conditions to contend with
or because measured stroke rate information is readily available on the ergometer.
Male athletes typically have more power than female athletes which may be the
cause of higher achieved stroke rates on water.
It can be stated that the measures of velocity parameterisation were different
between the two environments and therefore it is necessary to determine whether
this finding makes it relevant to use the simulator for training. To achieve this,
some examples of rowing in the two environments are compared here. There is
visual similarity between an athlete rowing at similar intensities on the water and
on an ergometer (figure 6.3). Typically, rowing on the ergometer in the early drive
phase of the stroke led to smaller accelerations and often negative acceleration in
comparison to water rowing (label A). This can lead to a velocity that continues
to decrease even after the athlete has begun the leg drive which made it difficult
to determine the minimum velocities to use as the end of the QoC and start of
the QoD calculation. Additionally, the drive inflection (label B) was difficult to
determine since the acceleration does not go negative for ergometer based rowing
at the finish of the stroke. This location determines the end of the QoD calculation
and the lower velocity in the VR calculation.
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(a) Typical water data.
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Figure 6.3: Comparison of a typical water and land velocity and acceleration data.
Dotted red line indicates 0 m s−2 acceleration.
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During pilot testing, these differences in the acceleration zero crossing points
led to some unreliable delimitation of a stroke and it was necessary to look for
alternative strategies. The solution was to make use of the handle position, a
parameter that was available during land-based testing in the subsequent case
series study.
In figure 6.4a, the minimum and median handle excursion were used to describe
a section of the velocity trace around the front reversal. A virtual line was drawn
from the velocities at each point and the point furthest from this line described the
first minimum velocity (Min.V 1). A similar process was performed for the second
minimum velocity (Min.V 2). The drive inflection (DI) was set at maximum
handle excursion, considered as the end of the drive. The recovery inflection (RI)
was then located by creating a virtual line from the velocity at maximum handle
excursion to Min.V 2 and finding the point furthest from this line.
The calculation of velocity parameters was also slightly different. For QoS
(figure 6.5), there could be uncertainty surrounding the minimum velocity of the
contained area between t0 and t1. In order to resolve this, the velocity trace
was inverted and baselined around the maximum velocity. The new integration
calculation is represented by equation 6.5.
QoS = 1−
[ ∫ t1
t0
v.dt
(t1 − t0).(vMin.V 1 − vMax.V )
]
(6.5)
While the QoC remained the same, the QoD differed in the fact that velocity
may decrease within the integration area. As this aspect of the stroke is con-
sidered to be a negative stroke characteristic, the integration below the contained
area (figure 6.6) is subtracted from the integration result. The actual integration
remains the same (equation 6.6).
QoD =
∫ t1
t0
v.dt
(t1 − t0).(vDI − vMin.V 1) (6.6)
The final calculation that needed clarification was the calculation of VD. This
was taken to be the difference between the maximum stroke velocity and the
velocity at Min.V 1.
All land data presented in these results were based on the original calculations
described in chapter 3, chiefly because no handle position information was available
in this particular study. This requirement for a different calculation between the
two environments may help to explain the uncorrelated parameterisation results.
A further possible explanation for the different results arose following discussions
with Nottingham based coaches. One coach made the observation during the case
series study that there were different techniques that athletes employ on land
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Figure 6.4: Land specific delimitations of a velocity trace.
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Figure 6.5: Modified land-based QoS calculation based on an inverted velocity
curve.
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Figure 6.6: Modified land-based QoD calculation.
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and on water. On water, athletes are measured by how fast their boats travel
while on land they are measured by power output, outcomes that require different
techniques:
Coach: ‘This is where we get into a bit of: not everyone is rowing the
rowing machine the same way as they do on the water. We’ve gone
away, especially in my group, I look at ergos as cross training because
people do use them so differently and they’re out there. Because,
so much, you have to get good scores. It’s not competitive, it’s the
standard, you have to do an ergo test before you can even start trialling.
I can row as I do in the boat but I’m not getting fast enough scores.
I’m going to get my best score. Big lean backs. I’d really like you to
have smooth chains so it shows you’re trying to feel the ergo, feel the
boat. Try to take what you do in the boat into the ergo.’
6.1.4 Conclusion
While there was only limited correlation between land and water velocity para-
meters, it can be concluded that a similar form of velocity trace may be measured
using an accelerometer mounted in a rowing boat and a similar accelerometer
mounted onto a floating head simulator. In order to perform velocity paramet-
erisation, the accelerometer on the simulator should be used in conjunction with
an angle encoder to measure handle position which may stimulate a repeat of the
above study. The mounting of an accelerometer on a simulator is a novel innov-
ation in rowing and warrants a land-based skill training study to investigate the
application of such a training simulator.
To utilise a land-based skill training simulator in rowing, the following protocol
is proposed:
1. Perform water-based testing of an athlete,
2. Identify areas for improvement based on water testing,
3. Perform land-based skill development training around these identified areas
for improvement, employing MCLT,
4. Re-test athlete on water to assess measures of skill development and learning.
The level of skill transfer from simulator to water (Baca 2006; Rauter et al.,
2013) is an important consideration in the development of elite athletes in rowing.
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6.2 Training Study
This study aimed to test and extend existing literature relating to the skill train-
ing of rowers incorporating MCLT. Best practice taken from the MCLT literature
includes: providing athletes with self-selected terminal feedback frequencies (Jan-
elle et al. 1995; Sigrist et al. 2011a), training in dyads (Shea and Wulf 1999) and,
where task complexity warrants, applying concurrent and terminal feedback for
skill development and learning (Wulf and Shea 2002).
The study tested whether findings by Sigrist et al. 2013b held for a high per-
formance group of trained rowers performing a realistic rowing task. Sigrist et
al. compared untrained adults performing a rowing related task using either con-
current visual, audible or haptic interfaces or terminal visual feedback. It was
concluded that terminal feedback was most suitable for learning the particular
skill, suggesting links between terminal feedback and participants being able to
focus on task-relevant aspects of the movement. Audible feedback was found to not
foster skill development. The authors proposed that a combination of concurrent
multi-modal feedback and terminal feedback would lead to the optimal augmented
feedback strategy and this formed the basis of the experimental design.
As part of the HCD process followed during this research, visual interfaces
(chapter 4) were evaluated while the work by Schaffert et al. 2011 into the applic-
ation of audible feedback displays was tested using a rowing simulator. Sigrist et
al. 2014 also looked at multi-modal audiovisual and visuohaptic concurrent feed-
back designs although they were not able to demonstrate improved skill training
over single feedback modalities. Multi-modal audiovisual feedback was tested in
this study and relevant findings are presented.
This study also acted as a pilot of new technology and a new methodology
of skill training applicable to elite sport. Qualitative athlete feedback relevant to
the enhancement of the training environment was recorded and will be applied
to future design iterations. With regards to the methodology, it was investigated
whether following the Fitts and Posner 1967 model of skill training was relevant
to this application.
The null hypothesis of this study states that the drive and recovery phases of
the rowing stroke cannot be trained on a simulator using real-time feedback. The
experimental protocol compares the technical skill of a test group before and after
training. It also quantifies the skill learning achieved by the test group in contrast
to a control group. The resulting data has been analysed statistically and also as
a case series using qualitative research techniques in order to account for the high
performance nature of the athletes involved and the likelihood of achieving only
marginal gains across the training intervention.
CHAPTER 6. TRAINING CASE SERIES 146
6.2.1 Methodology
Athletes were allocated to either a training interventions group (T) or to a control
group without training (C). In week one all participants performed a 2 min baseline
step test on an instrumented rowing ergometer consisting of 30 s steady rowing
followed by 30 s high intensity rowing at strokes rates of 24, 28 and 32. In the
same week, a presentation was given to explain the concept and potential benefits
of velocity parameterisation (see chapter 3) including a discussion about potential
skill modification strategies. Group T then attended a practical familiarisation
session with the simulator feedback system (chapter 5) in preparation for the
training block to follow.
All participants followed their normal training programme as set by their per-
sonal coaches which typically consisted of two to three sessions per day including
water and land-based activities. In addition to this, group T attended 45 min
real-time feedback training sessions on at least 4 distinct days in week 2 in dyads.
At each training each participant repeated the 2 min baseline step test followed
by 15 min of guided training although selection of the velocity parameterisation
interfaces (designed in chapter 4) was left to the participant. Technical areas
for improvement were determined from earlier water-based analysis (methodology
from chapter 3). Over the course of the four training instances the investigator
verbally attempted to progress the participant towards cognitive appreciation of
skill strategies that might lead to improved velocity parameters using the concur-
rent feedback interfaces. Once achieved, the participant was then encouraged to
form associations between the modified rowing skill and intrinsic feedback thereby
moving towards associative training using the terminal feedback interfaces. The
pace of progression was led by the participant and the dyad training partner
and the participant was given the opportunity to experiment with skill change
strategies for themselves and only prompted when progress was not being made.
A summary of the training progressions is given in table 6.4. In addition to the
real-time feedback interfaces, reported feedback regarding the previous training
instance was made available as was sagittal real-time video feedback.
In the third week, all participants repeated the 2 min baseline test. The entire
training schedule is summarised in figure 6.7.
In this particular experiment high performance athletes from Nottingham Row-
ing Club and the GB Start Programme in Nottingham took part in the study
(T: f = 5, age 23.3± 3.6, C: m = 4, f = 1, age 21.3± 3.3). Specific characteristics
for the training group are presented in table 6.5. Audio from the presentations
and training sessions were recorded and transcribed in order to capture the par-
ticipants’ perceptions of the interfaces and the training sessions. Training was
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Table 6.4: A summary of theoretical session goals.
Session Goals
Presentation Make the participant aware of velocity fluctuations
and parametrisation.
Interface Familiarisation Introduce the feedback interfaces to ensure parti-
cipants could focus on training in subsequent sessions.
An initial step test was performed.
T1 Identify skill change strategies that lead to desired
technical outcomes.
T2 Test the identified strategies from T1 and make par-
ticipant aware of associated proprioceptive feedback.
T3 Practice, moving from concurrent feedback to ter-
minal feedback interfaces.
T4 Practice with terminal feedback interfaces. Attempt
fading feedback strategies if possible.
Retention Test A final step test performed to measure the learning
achieved since the initial step test.
15 mins ergometer 
familiarisation + 
initial step test
No feedback
15 mins training 1
with Real-time 
feedback
15 min 
presentation + 5 
min questions
15 mins training 2
with Real-time 
feedback
15 mins training 3
with Real-time 
feedback
Final step test
No feedback
Training 1 Training 2 Training 3
15 mins training 4
with Real-time 
feedback
Training 4
Post Test
Step test
with no feedback
Step test
with no feedback
Week 1
Week 2
Week 3
Step test
with no feedback
Step test
with no feedback
Pre Test
15 mins 
familiarisation of 
feedback interfaces
Figure 6.7: Case series training instances.
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performed in a boat bay at NWSC4 in June 2015 as athletes were in final prepara-
tion for competition. Figure 6.8 shows the instrumented rowing ergometer, laptop
running the data acquisition and interface generation software, wall mounted dis-
play presenting visual feedback and a floor mounted mono speaker presenting
audible feedback (white).
Figure 6.8: Simulator feedback apparatus installed at NWSC.
Questionnaire
Questionnaires were given to the training group on their completion of the final
training session in order to capture qualitative feedback (appendix G). Participants
were able to rate their understanding of the rowing task, experiences training
with augmented feedback and the feedback system itself on a Likert scale. Open
questions were then asked about preferred interfaces and possible system enhance-
ments.
Data Analysis
Five continuous strokes at each stroke rate from the pre and post tests were
analysed in LabVIEW for QoC, QoD and QoS with values at exact stroke rates
of 24 spm, 28 spm and 32 spm calculated through interpolation using the Cubic
4National Water Sports Centre, Nottingham, UK
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Table 6.5: Training group participant classifications.
Athlete Age Gender Level
Training
sessions
completed
Lifestyle
A 30.2 F 1 4 Training and working part time.
B 21.3 F 2 4 Training full time for world U23
trials as HW2- with C.
C 21.7 F 4 4 Training full time for world U23
trials as HW2- with B.
D 23.4 F 4 3 University - Exams, then work-
ing. Raced a LW2x with E at
Women’s Henley.
E 19.9 F 4 4 University - no exams, not work-
ing. Raced a LW2x with D at
Women’s Henley.
F 17.2 F 3 1 School - exams, not working.
Training for world junior trials.
Training levels: 1 Competed at world senior level, 2 Competed at world U23
level, 3 Competed at world junior level, 4 Rowed more than 1 year and raced
nationally
Hermite method. Percentage improvements were calculated and independent t-
tests performed in a statistical analysis package5 to compare improvement across
groups for each measure and for each stroke rate.
Similar metrics and averages for the training group were calculated from the
2 min baseline step tests performed during trainings T1, T2, T3 and T4. Changes
across the sessions were plotted to demonstrate rates of improvement and whether
skill retention had been achieved. Paired sample t-tests were performed to compare
improvement measures of QoC, QoD and QoS across each stroke rate between the
pre-test and post-test.
5IBM SPSS Statistics v22, IBM Corp., Armonk, NY
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6.2.2 Results
Figure 6.9 compares the mean improvement levels across the two test groups for
each stroke rate. From inspection, all measures except QoS at SR = 24 improved
during the study by between 0.2 % and 4.4 % with the most obvious difference
in training effect appearing for QoC at SR = 24 and QoD at SR = 32. This
observation is supported by the associated independent t-tests presented in table
6.6 although only QoC at SR = 24 shows a significant difference between the
training groups; t(8) = −2.462, p = 0.039.
-6
-4
-2
0
2
4
6
8
QoC
@24
QoD
@24
QoS
@24
QoC
@28
QoD
@28
QoS
@28
QoC
@32
QoD
@32
QoS
@32
P
er
ce
n
ta
g
e 
C
h
a
n
g
e 
(%
) 
Measured Metric 
Training Group
Control Group
Figure 6.9: Percentage change in QoC, QoD and QoS at stroke rates 24, 28 and
32 for the training group (T) and control group (C) (M and SD).
Table 6.6: Independent t-test statistics comparing training group (T) with control
group (C) across each metric at each stroke rate.
24 28 32
Quality of Catch p = 0.039* p = 0.884 p = 0.831
Quality of Drive p = 0.355 p = 0.832 p = 0.100
Quality of Stroke p = 0.301 p = 0.785 p = 0.418
* Significant at the 0.05 level (2-tailed)
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Following the previous work by Sigrist et al. 2013b, figure 6.10 presents line
charts (M and SD) showing the training group improvements across each baseline
step test across sessions Pre, T1, T2, T3, T4 and Post for each measure of QoC,
QoD and QoS with separate sub figures for each of 3 stroke rates. The solid lines
are the mean values with dotted lines representing individual participant training
progressions. The figure highlights the greater range of QoD values compared with
the other metrics and the greater level of improvement achieved at SR = 24 than
at other test stroke rates. This may have been due to SR = 24 being closer to
training stroke rates.
Table 6.7 presents paired sample t-test statistics from the intial baseline step
test to the retention step test performed in week three. As observed from the
figure, the only training group metrics to show significant improvement were at
SR = 24; QoC, t(4) = −6.877, p = 0.002 and QoD, t(4) = −6.300, p = 0.003.
At the highest stroke rate (that which most closely resembles competition) the
ratio of participants that showed improvement in the training group was 3, 4 and
4 out of 5 for measures of QoC, QoD and QoS respectively in contrast to 5, 3 and
3 out of 5 for the control group, further suggesting a lack of a significant difference
in skill learning between the two training groups.
Table 6.7: Paired sample t-test statistics comparing pre and post measures for the
training group (T) across each metric at each stroke rate.
24 28 32
Quality of Catch p = 0.002** p = 0.797 p = 0.713
Quality of Drive p = 0.003** p = 0.647 p = 0.065
Quality of Stroke p = 0.214 p = 0.216 p = 0.319
** Significant at the 0.01 level (2-tailed)
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Figure 6.10: Training group and individual progressions across each training ses-
sion.
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Likert questionnaire results relating to the rowing task, the training sequence
and the feedback system are presented in figure 6.11. For each question there are
five responses with percentages to the left of centre representing negative responses
and percentages to the right representing positive responses. The questionnaire
revealed agreement that the rowing task was understood and that the proposed
changes would lead to a more efficient rowing performance. It was agreed that
training with augmented feedback helped the participant to improve on land,
would lead to an associated efficiency improvement on water and that augmented
feedback had been critical to this improvement. The feedback system itself was
agreed to be intuitive and function well, providing accurate data and guiding par-
ticipants towards optimized rowing technique. It was not considered distracting.
Of the five interfaces tested, the Bullseye and Sound interfaces were least well
received with the Scrolling Acceleration, Split Screen and Statistics History inter-
face ranking joint highest, indicated by more responses right of centre in figure
6.12 and larger segments of the pie chart in figure 6.13. In total across all ques-
tionnaire itinerary items, four questions were not answered and these were taken
to represent neutral responses.
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100 10050 500
Percentage
My overall experience using
the feedback system has been
positive.
I believe that a positive
change in the efficiency
metrics will lead to a faster
moving boat.
I fully understand the
concepts of rowing efficiency
as presented to me.
(a) Rowing task
100 10050 500
Percentage
The training sequence has
helped to improve my rowing
efficiency on a rowing
ergometer.
Real-time feedback was
critical to my improvement.
I understand what technical
changes I need to make to
improve my rowing efficiency.
I feel that the training
sequence has led to an
associated improvement in my
on water rowing efficiency.
(b) Feedback training sequence
NeutralDisagree AgreeStrongly disagree Strongly AgreeResponse
100 10050 500
Percentage
The feedback system was intuitive.
The feedback system guided me
towards an optimized rowing
technique.
The feedback system functioned
well and as expected.
The feedback system
distracted me in completing
the designated task.
I felt that the feedback I
received was accurate.
(c) Feedback system
Figure 6.11: Likert questions relating to user experiences of the feedback study.
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I found this interface intuitive.
I found this interface useful.
100 10050 500
Percentage
(a) Scrolling acceleration interface
I found this interface intuitive.
I found this interface useful.
100 10050 500
Percentage
(b) Bullseye interface
I found this interface intuitive.
I found this interface useful.
100 10050 500
Percentage
(c) Split screen interface
I found this interface intuitive.
I found this interface useful.
100 10050 500
Percentage
(d) Statistics history interface
I found this interface intuitive.
I found this interface useful.
100 10050 500
Percentage
NeutralDisagree AgreeStrongly disagree Strongly AgreeResponse
(e) Sound interface
Figure 6.12: Likert questions relating to the five feedback interfaces.
Scrolling acceleration
Split screen
Statistics history
Sound
Bullseye
Figure 6.13: Screen rankings based on questionnaire results.
CHAPTER 6. TRAINING CASE SERIES 156
6.2.3 Discussion
The results of this study neither demonstrate a significant difference between the
training and control groups for pre and post levels of rowing skill nor demonstrate
a significant technical skill change by the training group, a finding that contrasts
with the existing rowing feedback research. In the study by Sigrist et al. 2013b,
non-rowers were successfully taught component rowing tasks using either terminal
or concurrent feedback modalities. Sigrist states that the rowing task used was
complex even though it fails the test for ecological validity (Wulf and Shea 2002).
The specific rowing task in this study is very different with the current research
more accurately resembling the whole rowing stroke and this task difference may be
the cause of different findings. The skilled nature of the participants in the latest
study also helps to explain the different results and highlights the challenges of
designing an experiment to modify a learnt skill that is already being performed
to a high level of proficiency.
Schaffert et al. 2011 demonstrated an improvement of the rowing recovery
phase with trained rowers as a result of audible augmented feedback, a finding not
supported by this study even though the component rowing task was the same.
There are concerns with the experimental design of the Schaffert study in that
the paired samples meant that participants rowed alternatively with and without
feedback in the same training session. There was no control to ensure consistent
levels of attentional focus and effort during the periods with and without feedback
which may make these findings unreliable.
Participant technical skill improvements
Athlete A showed the greatest increase in QoC over the training period. Figure
6.14 describes two consecutive strokes from T1 where the athlete was asked to
row their old style followed by the proposed new style. This athlete immediately
understood the technical change and was able to easily alternate between the row-
ing styles with the first stroke registering 54.3 % and the second 57.8 % for QoC.
Figure 6.14b shows the feedback provided by the scrolling acceleration interface
and figure 6.14c the differences for the recovery aspect of the split screen interface.
The deceleration around the recovery is visibly narrower, deeper and more con-
tinuous with an indication that the athlete is starting to pull on the foot stretcher
with their feet just before decelerating the boat.
When this athlete was asked whether they were working harder to achieve this
change they said that they were not. This is interesting since the second stroke
suggests more focus and effort since the stroke length had shortened, the peak
acceleration, foot stretcher force and the stroke rate had all increased. The root
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mean square acceleration for the second stroke cycle increased by 50 percent. It is
therefore questionable how sustainable this change would be during a full training
session. The coach who attended this session suggested that the stroke length re-
duction was advantageous since the additional length was caused by overreaching.
Athletes B and C also openly discussed an increase in power output as a result
of training although this finding may be as a result of a reduced training load
pre-competition:
T4 B: ‘I’ve thought of a quick question. Our normal ergs have definitely
got quicker in the last week wouldn’t you say.’
C: ‘Yeah. Because we did 3 x 6km and better splits than we’ve done
before’
B: ‘and 10k straight yesterday evening. The first time we did 2:06 and
yesterday we did 2:02. That’s over 4 weeks.’
Figure 6.15 shows two contrasting strokes by athlete E demonstrating an im-
provement in their Quality of Drive with the left hand stroke taken from T1 and
the right hand stroke taken from T4. The corresponding QoD values were 23.9 %
and 34.0 %. The representation of these strokes through the scrolling accelera-
tion (figure 6.15b) and the drive aspect of the split screen interface (figure 6.15c)
highlight that the athlete learnt to achieve an earlier transition towards positive
acceleration during the early drive. This change was achieved by maintaining a
more consistent or set body angle during the recovery phase of the stroke and
holding a strong core as the legs began to drive, taking load through the legs and
gluteal muscles rather than through the upper body:
T4 E: ‘I just feel the drive on the legs, nothing as much, for me, on
the upper body.’
T1 D: ‘I think when I’ve hit those, I’ve been in a really strong position.
I felt connected all the way through.’
The questionnaire revealed that all participants felt the training had been
beneficial and there was resounding positive feedback received during the train-
ing sessions. The training environment led to heightened awareness of optimal
technique and empowered participants with an opportunity to investigate and un-
derstand skill change strategies for themselves. Participants were interested in
what they could obtain from the study to make them faster on the water.
T4 A: ‘This is the first time I’ve really understood the data. The coach
usually goes, there you go. There’s your data. What does it actually
mean? Its just a load of wiggly lines.’
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(a) Raw acceleration graph
(b) Modified scrolling acceleration interface
(c) Split screen interface. Left is pre-change, right is post-change.
Figure 6.14: Example of training progression for changes in Quality of Catch.
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Figure 6.15: Example of training progression for changes in Quality of Drive.
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Investigator: ‘Well that’s no good as an athlete/biomech/coach rela-
tionship. That’s totally poor.’
A: ‘The coach tries to explain it and I’m not sure the coach fully
understands it.’
A: ‘For me as an athlete/as a person. I trained as a pharmacy assistant
and asked the ins and outs of everything. But you don’t need to know
that bit, I was like I don’t understand the bit that I need to know
unless I have a general understanding of the whole picture.’
A: ‘I don’t need to understand everything, but I need to get a general
understanding of the big picture to understand the little picture that
I need to know about.’
The training outcomes of the participants were quite varied. Athlete A was
able to recreate her required skill change from T1 onwards and was practising
skill retention for the remainder of the trainings while athletes D and E were only
starting to identify skill change strategies and associated proprioception by the
end of their last session. This suggests that any future training sequences should
have a flexible duration based upon the participants which may be as short as
four or maybe closer to eight sessions. Repeatedly training once an athlete has
reached a plateau in performance is not deemed appropriate.
Likely reasons for the different outcomes include the different maturity of ath-
letes in both age and training age. On one hand, it might be expected that a
more mature athlete is potentially less open to skill training because they have a
more developed motor program in comparison to an athlete that has only been
training for a couple of years while at the same time, the greater training age
might give them finer motor control. Our example demonstrates the latter. Some
participants were simply unable to make rapid adaptations which ties in with the
junior rowing program in Germany that tests for an athlete’s ability to respond
to feedback training (from personal conversation with Nina Schaffert, Hamburg
University, Germany).
Physiological factors could affect levels of improvement. For example the ath-
letes had different levels of core stability, a factor that was found to affect co-
ordination through the drive phase of the stroke. Other physiological factors may
include flexibility, composition of slow-twitch (type I) and fast-twitch (type II)
muscle fibres and existing medical conditions.
T4 B: ‘No, I was a swimmer. I used to do 1500 m swimming. Long
distance.’
Investigator: ‘That’s a long way.’
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B: ‘800 m to 1500 m swimming. So I am zero fast twitch fibres. If you
had a percentage, mine would be 99 and 1 as you can’t be 100 and 0.’
Further reasons for different training outcomes include how quickly athletes
grasped the concept of velocity parameterisation, how it related to the acceler-
ation of the rowing simulator and hence which aspects of the interfaces were of
pertinence. Participants from a more scientific background may find the concepts
easier to understand that those with a more arts based background. For example,
it took athlete C until midway through T2 to grasp what was required:
T2 C: ‘So what do you want me to achieve, instead of this?’
B: ‘You’re gradual, you want a sharper...’
Investigator: ‘There’s a point when there’s nothing on the shoe and
then on the shoe which will lead to this red here being much more
sudden.’
C: ‘Ahhh!’
Investigator: ‘I’m curious, was that not clear beforehand.’
C: ‘It just clicked just now. That’s just me, it happens. I have these
light bulb moments that make a change.’
Finally it is possible that lifestyle may have restricted training improvement
with some athletes training full time while others were juggled training with uni-
versity and work commitments. Training load was mentioned by several of the
participants and for some that had been rowing for a long time the proposed new
technique was contrary to rowing styles they had been coached in the past:
Familiarisation B: ‘I’ve been rowing since I was 13 so back then I was
told not to rush. I guess they meant not to do this.’
C: ‘Diving in.’
B: ‘Whereas I’ve taken not to rush to mean...’
Investigator: ‘Slow yourself down.’
In this particular case, elite data was presented to this participant demonstrat-
ing the difference between the highest performers and athletes considered to be at
mid-squad level. Full participant buy-in was considered essential in order for that
individual to fully apply themselves to making technical changes.
The results of this study suggest that an improvement in one metric typically
leads to an improvement in another (e.g. figures 6.14 and 6.15). This suggests
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that late loading of the foot stretcher leads to a more forceful resultant impulse in
the early drive while a more set and held body angle also reduces the loading of
the foot stretcher into the front reversal. Across the training group it was essential
for the investigator to have a coaching background in rowing in order to discuss
specific skill change strategies with the participants since only describing desired
outcomes would not have effectively identified underlying faults in technique.
System Findings
The technological aspects of the study functioned well without distracting the in-
vestigator from interacting with the participants. On a couple of occasions the
data collection hardware reset itself although the majority of data from these
sessions could still be acquired. It is concluded that moving to non-USB sensor
interfaces would improve data acquisition reliability as it would remove the buf-
fering inherent with USB technologies. Neither streaming nor polling the USB
devices proved reliable in attaining equally spaced data samples without produ-
cing significantly more complex embedded software algorithms which would, in
turn, add a delay in relaying data to participants.
Of the three concurrent interfaces, the scrolling acceleration and the split screen
interfaces were the most well received. Qualitative feedback relating to scrolling
acceleration included:
Questionnaire: ‘Which was your favourite interface?’
Response 1: ‘Scrolling ... it is most similar to the acceleration traces
we use on the water work.’
Response 2: ‘Scrolling. I knew what shape I was looking for and how
to manipulate it.’
T1 C: ‘I like the one that we used first [scrolling]. Because I can think
of that fish thing, you know.’
These comments highlight the need to maintain a common style of communication
across feedback channels to ensure a common language is used that maximises
clarity for the participant. The comment relating to shapes is important because
it highlights inter-athletes differences in their approach to learning. There were
also feature requests for the scrolling acceleration interface:
Familiarisation Investigator: ‘does that not work for you?’
A: ‘No. I don’t like the fact that its both sides of the line.’
Investigator: ‘So what would you like to see?’
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A: ‘Here [standard report graphs], I can see what is below the zero and
what is above zero.’
Investigator: ‘What would you like instead.’
A: ‘I’d rather have red below and green over the zero line. Do you
know how I said the red below. Look at this this way [standard report
graph], its back to front on there.’
Investigator: ‘I know it goes in the other direction.’
A: ‘Can we flip it?’
Investigator: ‘Would it be clearer?’
A: ‘So the new information arrives on the right hand side. So rather
than your line going in that way, you’d feed it in from that side.’
A new interface was generated that implemented these two changes and that was
well received allowing participants additional personal preferences in their feedback
environment. Athlete B also requested to have scales for this interface to indicate
both acceleration magnitude and highlight stroke positions as the interface scrolled
(for future implementation).
The split screen interface was preferred to the scrolling acceleration by a ratio
of three to two participants. Comments included:
Questionnaire: ‘Which was your favourite interface?’
Response 1: ‘Split screen - it was clear to me which was the recovery
and which was the drive phase and there was the last five strokes I was
able to see changes clearly.’
Response 2: ‘Split screen ... I knew what trace I was aiming for so
could therefore get as close to this as possible. It also showed previous
strokes so I could see my improvements.’
T1 D: ‘Definitely. I understand this one more. Because it is split up.’
History was an important feature of this interface with participants motivated to
improve stroke on stroke. While two participants specifically requested for this
interface not to change, history formed the basis for the feature requests received
by others:
Questionnaire response: ‘Keep your best line on there would be good
to have something to aim for.’
T1 A: ‘I prefer the scrolling one in that you get a new line every time.
Whereas this one’s quite good to start with but then you get to a point
where you’ve got that many lines you can’t really tell which one.’
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T2 A: ‘This stroke to the rest of them where its red to blue but when
it all goes to blue lines it’s almost a mess.’
Investigator: ‘Do you think there are too many.’
A: ‘It all just looks tangled.’
Investigator: ‘Would you have just one history or none at all. We could
get rid of the history all together.’
A: ‘I quite like the history ‘cos you obviously don’t get the history on
this [R-L]. Well, you get two on at once so you kind of have a very short
time to analyse how that is better than the last one. So that bit is
quite hard on that screen. Whereas its really good on the other screen.
But i think it is relevant, then you can then see how its changed. But
with them all being blue, it all looks a mess.’
Conversation continued with participant A about the best colours to use without
a clear resolution. This would need further design iterations to resolve. The other
feature request was to have video alongside this interface so that athletes could
see visually what their bodies were doing to achieve the desired outcomes with the
augmented feedback.
The bullseye and the sound interface were the least well received. Negative
comments relating to the bullseye included:
Familiarisation E: ‘I don’t even understand that one.’
D: ‘It’s making my eyes hurt. I don’t like this one.’
E: ‘Its just hard to tell what you want.’
T1 Investigator: ‘Shall we forget the bullseye, do you ever want to go
back there.’
C: ‘Just no!’
Familiarisation F: ‘I don’t like it.’
Investigator: ‘Could it be improved or is it be a flat no?’
F: ‘It’s like watching traffic lights that say stop and go.’
Other comments centred around the amount of red on the screen at any one time
linking red to negative feedback and the lack of quantified numbers or history
preventing any indication of improvement. Only participant A appreciated the
bullseye interface because it was the area of the stroke that she was focusing on:
T1 A: ‘I like that. I think QoC would be good to have alongside the
bullseye one ... Because then you have the visual but you also have
the number feedback.’
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A: ‘But i think the bullseye’s really good for getting that QoC. I don’t
think if you’re working on the QoD because you can’t see the green
enough to see how that’s affected. But for the catch phase, I think
that is a really good one.’
The sonification mirrored that provided by Cesarini et al. 2014 although in
this study, the interface was rejected by the participants:
T2 Investigator: ‘[Try] sound?’
B: ‘No’
Investigator: ‘Why are you turned off the idea of sound?’
B: ‘It’s not very specific for me.’
C: ‘It’s quite an annoying sound.’
B: ‘It’s better than having no feedback at all.’
Questionnaire: ‘Which was your least favourite interface?’
Response 1: ‘Sound, it just doesn’t work for me. It’s much more about
perception if its better than the last one rather than fact.’
Response 2: ‘Sound, pitch was hard to distinguish some times.’
Response 3: ‘Sound. It was more distracting than useful. I prefer
visual feedback as it was hard to work out what made the sound
change.’
There was an indication that this interface needed the most familiarisation time
with requests for an example sound to work towards. The use of sound alongside
a concurrent visual interface was also raised:
Questionnaire response 1: ‘I wouldn’t use [sound] by itself, however, to
supplement another interface until I was fully comfortable, familiarised
with what the sounds indicate.’
Response 2: ‘Maybe if the sound was played with the graph you could
train yourself to know what the sound means.’
Familiarisation D: ‘I liked the sound because you don’t have to look
at the screen. you could just listen. Its like in a boat, you haven’t got
anything to look at. You’ve got to feel it. I think using both together
in training yourself to what it should sound like would be a good idea
to then be able to just use the sound.’
E: ‘You get used to it through visual and audio and then you can use
the audio.’
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Sigrist et al. 2014 investigated the effect of multi-modal feedback strategies
in comparison to concurrent visual feedback only, also in a complex rowing task.
As here, the study was unable to conclude that multi-modal feedback was more
effective for learning and questioned the specific format of the feedback provided.
The current research makes the additional finding that visual feedback may ac-
celerate the familiarisation time of audible interfaces, a finding that may enhance
the research of Schaffert et al. 2011 who found no difficulty in familiarising parti-
cipants with the audible feedback modality (although the process of familiarisation
is not entirely clear). These authors have subsequently applied audible feedback
in rowing to visually impaired athletes which is a sensible application (Schaffert
and Mattes 2015).
The statistics history plot was considered to be a terminal feedback interface
since each stroke cycle was summarised as a single parameter. The statistics
provided by the technology were widely accepted by participants who enjoyed the
ability to improve their ‘score’ over time.
Questionnaire response: ‘I like the numbers and I like that it shows
the history so you can see how what you’ve changed on the ergo affects
the different points.’
However, it was identified that as stroke rate increased there was more information
on the statistics history plot than could be cognitively processed with athlete A
only focusing on the numerical statistic since she needed to change focus between
the screen and the ergometer in order to also maintain the desired stroke rate. The
history element of the display became only relevant for the coach. The suggestion
was to add stroke rate to the main screen:
T3 Coach: ‘Are you registering the number in the right hand corner
or are you registering the graph.’
A: ‘Just the number.’
Coach: ‘So you’re not even worrying about the graph.’
Investigator: ‘OK, so the graph is almost more of a coach’s tool so the
coach can see what’s going on.’
A: ‘At low rate, yes. ‘Cos I can concentrate on that and not worry
about what I’m doing here. When I went to 32 [strokes per minute], I
had to concentrate that my rate is consistent. So I concentrate more
on the rate than the screen.’
The investigator of this training study concluded that the interfaces provided
invaluable feedback to the participants that gave training sessions a focal point
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and led conversations around technique. There was a need to supplement the
concurrent and terminal interfaces with additional reported and real-time feedback
in response to participant requests and the desire from the investigator to convey
information in the most appropriate format. This included the introduction of
sagittal plane real-time video and using a flexible data presentation tool to review
previous sessions6.
Study Limitations
This study has successfully trialled the application of MCLT to the training of
skilled rowers in the drive and recovery phase of the rowing stroke with best
practise taken from the available literature. The methodology set out provides a
basis from which enhancements can be made in both the scientific testing of the
protocol’s ability to delivery enhanced rowing performance and in the day to day
application of the methodology within elite sport.
Monitoring of skill progression during the training sequence is important in
order to determine whether or not progression is being made. In this study,
monitoring was performed using a two minute step test performed before each
training as used in the protocol of Sigrist et al. 2014. While this step test was
sub-maximal and kept to a minimum duration to prevent fatigue, the training
load some of the athletes were under made the test relatively intense. Therefore
it would be preferable to either perform skill training during low levels of training
load or reduce the intensity of the step test, e.g. by reducing the prescribed strokes
per minute.
Participants also questioned the timing of the step test prior to the training
rather than at the conclusion of each session. Testing at the end of a session,
participants would be more likely to demonstrate their current best performance
since they would be both warmed up properly and also focused on the changes that
they had just been working on. In the current format, it is questioned whether
the step test acted as more of a retention test than a marker of current skill levels
and it is hypothesised that a concluding step test would more clearly demonstrate
skill training and distinguish this from skill retention.
Due to the exploratory nature of this study it was not possible to recruit a large
and elite group of participants whose coaches felt that the impact upon training
would be too great with no precedent of a positive performance outcome. The
study has highlighted the need to repeat the study, recruiting higher performance
participants (e.g. international pathway athletes) who are likely to have fewer
lifestyle limitations and less varied initial rowing techniques. Also, by selecting
6DiAdem, National Instruments, Newbury, UK
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the participants with the greatest scope for improvement as the training group
this should maximise the chances of identifying an effect of feedback training. In
this study, the simulator itself was found to have the limitation of only accepting
athletes of less than 185 cm height and along with athlete availability, this dictated
the selection of study groups.
The current study drew no links between simulator metrics and water per-
formance, the ultimate measure of rowing performance. Fitted around training,
it would be optimal for participants to perform pre and post water step tests (see
chapter 3) around the current land protocol to identify whether simulator training
improvements do transfer to water or whether there is a need for additional ter-
minal feedback provision during water training. Suitable water-based technology
as researched by Harfield et al. 2014 should be developed for this purpose.
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Discussion Summary
• There was no significant difference in learnt skill development between ex-
perimental groups or for the training group pre and post intervention.
• There was evidence that performance changes were achieved but with no
associated skill learning. Study limitations address reasons for the lack of
observed skill learning.
• Improvement in performance variables was anecdotally combined with an
increase in measured workload.
• Training was considered beneficial by the athletes with perceived increases
in technical awareness and motivation.
• The training system gave athletes an opportunity to experiment with skill
change strategies.
• Varied training outcomes were experienced, potentially linked to: athlete
age, training age, education background, lifestyle or physiological factors
such as core stability or percentage of fast twitch muscle.
• Feedback training sequences should have a flexible duration to cater for
inter-athlete differences.
• The scrolling acceleration and the split screen were the preferred concurrent
interfaces.
• History on interfaces was deemed an important feature, motivating athletes
to improve from one stroke to the next.
• The audible interface was perceived to be difficult to interpret, distracting
and annoying. Further familiarisation time might be necessary, potentially
alongside visual feedback interfaces.
• Terminal feedback interfaces were well received although cognitive processing
was challenging at higher stroke rates.
• Additional feedback mechanisms including video and reporting were useful
to support the simulator real-time feedback.
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6.2.4 Conclusion
This study has provided an example of the application of MCLT to the training of
the front reversal and drive phases of the rowing stroke, realistic tasks for elite and
recreational rowers alike. The study has highlighted the application of parameters
generated from system kinematics and based on athlete feedback, it is concluded
that this research describes a good methodology for skill training. As well as
the potential for increased water performance, athletes have described feelings
of empowerment and heightened technical awareness. Bringing the coach into the
skill training environment allows the skills learnt on the simulator to be transferred
to water training and also to ensure the coach feels part of the training process,
thereby ensuring ongoing engagement in such research and access to athletes.
High performance sport describes a unique user group to consider when ap-
plying human centred design and human-computer interaction techniques to the
development of such a feedback system. The design of the feedback interfaces has
involved limited workshops with coaches and athletes but still the system has been
widely accepted. Access to high performance coaches has been limited as is their
experience in developing technical coaching solutions. Their experience of adopt-
ing new technologies typically involves a supplier demonstrating a fully working
system followed by their decision whether or not to adopt that system. From the
point of view of the participants, they were found to primarily focus on content
rather than refining the perfect interface. This has largely been the approach
taken in this research but due to the sporting background of the investigator and
familiarisation with the target user group, the feedback has been mostly positive
with scope for future iterations. It is concluded that a long iterative design process
is not relevant within elite sport.
When designing studies involving high performance sport, do not expect to
have access to a large group of participants or to witness sizeable performance
gains. Regardless of the study design, it is unlikely that significant findings will
be achieved unlike the large sections of the academic literature surrounding motor
learning involving unskilled participants and simplified tasks. The adoption of a
case series methodology in this research has meant that meaningful conclusions
can still be made. This also highlights the need for care when comparing motor
learning studies. Although methodologies might be similar, the tasks and initial
skill levels of participants may differ thereby leading to very different outcomes
and conclusions.
There is a need for further studies that build upon the existing protocol:
• Recruit a larger and higher performance group of participants,
• Include pre and post water tests to test for skill transfer to water,
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• Determine the test group based on athletes with the greatest potential for
skill improvement,
• Perform step tests at the end of sessions to maximise the distinction between
skill learning and skill retention,
• Provide a flexible number of skill training sessions based on an athlete’s
individual requirements.
The methodology and findings from this study lend themselves to multiple
sports. In the water sports arena, flat-water kayaking has a cyclical motion with
the similar competition goal of maximising mean velocity across a fixed distance.
More abstractly, the benefits of augmented feedback could be applied across any
sport where a parameter of performance has been identified and augmented feed-
back can be practically provided.
Chapter 7
Conclusions and Further Work
This research set out to investigate the provision of biomechanical real-time feed-
back to rowers during training. The real-time feedback modality differed from
traditional post-session reporting in that, if used appropriately, it would dramat-
ically reduce the length of feedback cycles allowing a finer level of quantitative
data, more informed coach input and hence enhanced skill development. If sub-
sequently adopted, it could lead to marginal performance gains for the Great
Britain Rowing Team (GBRT).
Various areas of research have been undertaken to underpin this high level
aim. These include a novel quantitative way to assess rowing boat kinematics,
novel technology to deliver real-time feedback alongside a human centred design
approach to interface design and consideration of best practice theory relating
to skill development. These findings and future directions for the research are
discussed.
7.1 Research Findings
7.1.1 Rowing Theory
In light of the lack of validated dependent measures of rowing biomechanics other
than average velocity, theory surrounding the optimisation of rowing boat velocity
fluctuations has been researched. Existing literature relating to boat velocity only
considers the range of velocity across a stroke cycle while in this new work, focus
is instead placed upon advancing the onset of increasing velocity during the drive
of the stroke and delaying the onset of deceleration at the front reversal in an
attempt to influence average velocity and optimise biomechanical efficiency.
Novel parameters have been described that highlight the differences between
velocity stroke profiles. The parameterisation technique provides a global stroke
level measure of efficiency (QoS) along with component measures that describe
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the onset of deceleration about the catch (QoC) and the onset of acceleration
during the drive (QoD) as well as the resulting velocity at the end of the drive
relative to overall velocity fluctuation (VR). Using accelerometers, this technique
also quantifies the ratio of drive duration relative to overall stroke duration (DR).
While previous work by Schaffert and Mattes 2014 quantified the acceleration
profile by hand in an attempt to promote similar efficient front reversal technique,
with automated computation achievable on both water and land this new approach
opens the opportunity for real-time feedback and routine reporting.
A standardised water-based test protocol has been developed with the intention
of achieving repeatable and comparable metrics of rowing biomechanics. The
protocol was trialled with an elite population and highlighted the range of values
for each parameter together with examples of what an elite performance looks like
in a single sculling boat in terms of quantitative and qualitative data. Attempts
were made to quantify performance gains in terms of dt2000m, a tangible measure
of a performance increase. While quantifying the achieved gains needs further
research, initial calculations suggest that a meaningful performance improvement
can be achieved that would change placings in the context of a 2000 m Olympic
final.
7.1.2 Involving Users in Design
Throughout the analysis and development of this design challenge, ISO 9241-
210: 2010 was adopted in order to fully involve the users in the design process,
thereby maximising the quality and adoption of the resulting skill development
solution. The users of the system are coaches and athletes from elite sport with
little to no experience of developing technical solutions to support performance.
Design activities included preliminary context of use and task analysis, inform-
ation acquired through first-hand sport specific knowledge of the investigator. This
was followed by various meetings and workshops to validate the task analysis, as-
certain determinants of performance, brainstorm interface designs, evaluate solu-
tions and provide periodic progress updates. These activities resulted in a full
understanding of the rowing coaching task and a set of prioritised determinants of
rowing performance from the perspective of the coaches. Coaching was considered
to be a very unstructured task and therefore for the coaches, simple access to a
range of data sets was considered important.
Two sets of concurrent athlete interfaces were designed. The first set delivered
skills training around stroke arcs and this initial design task informed the latter
workshops designed to optimise boat velocity fluctuations. Paper-based mock-
ups and then working prototypes were generated and evaluated through trials
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involving high performance athletes.
7.1.3 Rowing Feedback Technology
New technology was developed to support the delivery of real-time feedback in row-
ing. Water-based new technology, built upon a validated instrumentation system,
delivered data wirelessly to nine display devices across a Wi-Fi network. Commer-
cially available components including the instrumentation, networking and display
were adopted to reduce project risk and development effort. On land, a simulator
was instrumented to capture handle travel, handle force, stretcher force and the
acceleration of the floating section of the simulator and displayed to the user in
real-time.
Following Human-Computer Interaction guidelines (HCI), visual display in-
terfaces were developed through workshops with high performance coaches and
athletes while previously researched audible interfaces (Cesarini et al. 2014) were
replicated. In both environments, intricate configuration of displays was achiev-
able through a control system that empowered a coach to select a specific athlete
interface, set athlete targets or alter the frequency of feedback permitting the
adoption of various Motor Control Learning Theory (MCLT) strategies. Coach
education around the optimisation of real-time feedback would be required to
maximise the potential of this system. Functionality was also implemented that
allowed historical as well as live data to be passed through the display interfaces,
useful for both the review of a session and system development.
The original assumption was that concurrent feedback interfaces would be
employed in the boat, prompting the generation of elaborate graphical interfaces.
While this approach has been shown to be technically achievable, there were issues
with display visibility under direct sunlight and it was hypothesised that once
training on the water, athletes would require associative terminal feedback alone
providing only stroke level updates of an athlete’s performance. Such simplistic
displays could be realised as minimal high resolution segmental displays, developed
to display serial data provided across a network. As the technology becomes more
sophisticated, syntactically aware devices may only need present a green or red
light to indicate the success of a rowing stroke.
Wireless data transmission in a water-based environment was simulated to
evaluate transmission rates and reliability. TCP transmission was found to be
sufficient in this environment for terminal feedback applications given stroke level
updates while UDP transmission should also be evaluated for concurrent feedback
where the data rates would be greater.
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7.1.4 Motor Control Learning Theory Applied to Rowing
The culmination of design activities, technology development and rowing theory
was an end-to-end solution for the delivery of skills training on land. The hypo-
thesis was that skill could be learnt that positively influences velocity parameters
and hence increases average boat velocity without the rower needing to employ
additional physiological effort. The study was also used to validate the new tech-
nology and interface development through its practical application and qualitative
user feedback.
The decision to perform a land-based study was taken because of the increased
controllability of the environment, the early cognitive nature of skill development
not suiting traditional water training (where the focus is on physiological training)
as well as technology challenges associated with reliably delivering real-time feed-
back on water. To justify such a land-based study where the dependent measure
was an increase in water-based performance, it was necessary to understand how
kinematics captured from both environments compared. Although the velocity
parameter comparison between the two environments was not highly correlated, a
similarity was observed in the stroke velocity traces and, given knowledge of areas
of improvement for an athlete, it was considered appropriate to influence these
areas through land-based simulation before attempting to promote skill develop-
ment on water.
An applied case series study was performed based on existing best practice
MCLT and rowing specific feedback research. The novelty for this particular study
was that the participants were skilled rather than unskilled rowers and the rowing
task could be considered realistic as opposed to representative of a component
of rowing. While existing studies were content to demonstrate skill development
without a resultant water improvement, it was fundamental for this research to
draw links between the developed skill and sporting performance. The existing
best practice research that was adopted included:
• Apply appropriate feedback to support the different stages of motor learning
with concurrent feedback relevant for skill attainment in the cognitive stage
while terminal feedback promotes skill retention during the associative stage,
• Self-selected terminal feedback frequencies promote learning, self-efficacy
and motivation,
• Training in dyads fosters more effective learning and alternative forms of
cognitive processing,
• Concurrent multi-modal feedback environments out perform single feedback
modalities if appropriately matched with task complexity,
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• Adoption of retention tests without feedback helps to evaluate skill learning.
The results of the study showed no evidence of skill learning although skill
attainment was demonstrated. Training was considered beneficial with perceived
increases in technical awareness and motivation. Athletes were able to experiment
with their technique more than they had been able to previously in traditional
training environments. Variable training outcomes were concluded to be due to
athlete differences and limitations in the experimental design and as a result,
flexible training intervention duration was considered important. Preferred in-
terfaces were identified and further refined while the effectiveness of concurrent
audible interfaces adopted to demonstrate multi-modal feedback was not suppor-
ted. Additional feedback modalities were introduced during the study in response
to athlete requirements.
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7.2 Contributions to Knowledge
As a result of this work, contributions to knowledge have been made that inform
both the elite rowing community and future MCLT and rowing academic research.
These contributions include:
1. Theory relating to the optimisation of boat velocity and associated paramet-
erisation. Parameters could act as dependent measures in future perform-
ance related rowing studies while the technique optimisation could form the
basis of future real-time feedback research.
2. A repeatable protocol for identifying athletes with the capacity for skill
development along with benchmarks of elite performance.
3. Insights into the task of coaching and determinants of performance for row-
ers.
4. Insights into relevant design activities to undertake when engaging with elite
sporting groups.
5. A coach driven technical architecture that facilitates intricate control of
MCLT delivery.
6. Highlighting the relevance of instrumenting the floating surface of a dynamic
rowing simulator to collect trainable metrics of rowing performance and the
simulator’s application in the cognitive stage of learning.
7. Validation of on water data transfer rates and reliability giving a basis for
future water going technology development.
8. Candidate interface designs for stroke arc and velocity manipulation concur-
rent feedback training.
9. Testing research relating to concurrent audible feedback designs in rowing.
10. Applied findings relevant to skill development of a skilled sporting group
performing a realistic and complex task whilst adopting current best practice
MCLT techiques.
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7.3 Recommendations for Future Directions
The following areas of future research have been identified.
1. Demonstrate performance gains as a result of the proposed end-to-end skill
development protocol.
2. Quantify performance gains given a modification in velocity parameters.
3. Validate the reliability and repeatability of velocity parameters.
4. Progress augmented feedback training to water.
7.3.1 Demonstrate Performance Gains
The case series study performed in this research provided an invaluable insight
into the relevance of the real-time feedback technology and the MCLT process
adopted. There was evidence of an underlying potential for skill development as
well as softer positive effects upon athlete motivation and technical awareness.
However, no statistical difference in skill development was identified between the
experimental groups or as a result of the study for the intervention group.
Study limitations have been summarised in the conclusion to chapter 6. A
future case series should be performed with a larger group of higher performance
athletes, adopting the proposed recommendations. By pre-screening athletes and
selecting those with the most potential for skill development, an effect of a training
intervention is more likely to be achieved. The other key difference would be to
include a pre and post water-based step test. Statistics could then be run to
determine the effect of a training intervention on achieved water velocity. It is
hoped that the research performed in this thesis will generate sufficient interest
for a suitable future test group of athletes to become available.
Instrumented measures of water velocity rather than hand held manual timings
would further improve the study since analysis could be performed during sections
of consistent rowing, correcting for the effect of different pacing strategies. Pre-
vious research has demonstrated that velocity measured through non-differential
GPS is not sensitive enough to estimate average boat velocity at stroke level (Har-
field 2010) and therefore differential GPS is promoted.
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7.3.2 Quantify Performance Gains
This research has demonstrated an ability to differentiate elite athletes using
water-based step tests in single sculling boats. For example, in the heavy-weight
women’s group QoS ranged from 56.3 % to 66.0 % for the athletes presented row-
ing with stroke rates between 29 spm to 34 spm. While this 9.7 % difference looks
significant, it would be more meaningful to coaches if it could be described in
terms of race performance.
The experimental approach described above to demonstrate performance gains
could equally be used to aid quantification of velocity parameters in terms of
dt2000m. Pearson correlations between velocity parameters and dt2000m as a result
of an intervention would indicate any relationships between the two dependent
variables. While this approach has experimental limitations due to the uncon-
trollable nature of athletes and outdoor sport, a suitable sample size built over
a number of years should provide insight into quantification of the velocity para-
meters conceived in this research.
The alternative approach to quantifying velocity parameters is to follow a
mathematical modelling approach to recreate hull fluctuations from enhanced in-
strumentation of rowers on the water. Measurement of rower segment centres of
mass using inertial measurement units would provide an estimation of the move-
ment of this mass relative to the hull. This movement causes system translation
as well as causing the boat hull to pitch thereby changing hydrodynamic drag
forces. Rower kinetic forces applied to the pin and foot stretcher would also be
fed into the model and the goal would then be to replicate measured velocities
and accelerations based on these inputs. Once such a validated model has been
developed it would be possible to feed in data from an athlete before and after a
training intervention with knowledge of their velocity parameter adaptation and
model the resultant effect on boat speed. It would also be possible to model can-
didate strategies for influencing velocity parameters, such as the effect of recovery
hand speed relative to total recovery time or the effect of decelerating the seat
into the front reversal.
Such models have been developed (Findlay and Turnock 2010; Formaggia et
al. 2010; Pelz and Verge´ 2014; Serveto et al. 2010) but suffer from a lack of pub-
lic availability, validation of assumptions and validation against measured data.
The other limitation with this approach is the technical complexity of measuring
multiple body segments during on water rowing and the accuracy of existing in-
strumentation. Kinetic force sensors have known accuracies although one of the
most difficult parameters to accurately measure on water is velocity.
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7.3.3 Validation of Velocity Parameters
The work presented so far makes assumptions about the reliability and repeatab-
ility of velocity parameters. The assumption is that for the same athlete rowing
the same session using the same equipment but on a different day, all velocity
parameters remain constant. While the current research has built confidence in
the reliability of the new measures, this assumption should be formally tested.
Such validation could be performed by support staff working within an elite
squad. Over the course of an Olympiad, athletes will routinely perform high
intensity training on the water at stroke rates equivalent to those used in compet-
ition. Fitting an accelerometer during such sessions is not an onerous task and
would provide a useful means of tracking a crew. The assumption is that without
a specific skill training intervention taking place and under similar weather con-
ditions, velocity parameters at similar intensities will remain the same. Such a
validation across a range of crews would indicate the repeatability of the paramet-
ers derived while fitting multiple sensors to a single boat during the same session
would indicate the measure’s reliability. Once these measures are fully understood,
a measure of athlete consistency can be determined and fed back to coaches.
7.3.4 Progress Augmented Feedback Training to Water
The seed for this research was a desire from coaches to have a real-time feedback
system for use in the boat. This research has provided insight into a parameter
that could be fed back, prototype feedback technology and how MCLT can most
effectively and efficiently relate this information back to athletes.
This research has also identified that the land and water training environments
are very different and require different skill development solutions. Water rowing
has the complexity of performing alongside crew mates, safe navigation and work-
ing within the structure of a set training session that might include physiological
goals (e.g. a set distance to be rowed) as well as technical goals.
A water-based solution that delivers stroke level resolution terminal feedback
would support the associative phase of learning. It would form part of an end-
to-end training solution that includes athlete testing, land-based cognitive and
associative learning interventions followed by associative training on water with a
focus on fading or athlete-selected feedback strategies. Once sufficient skill learn-
ing has been achieved, monitoring would be performed in the autonomous phase of
learning through logged water data during training and racing. Formal validation
of such an end-to-end system would greatly progress knowledge surrounding the
skill development of rowers.
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Appendix A
Technology Catalogue
A summary of the technologies discussed throughout this thesis, including supplier
details, is provided here.
Commercial Rowing Hardware
• StrokeCoach, SpeedCoach and SpeedCoach GPS, Nielsen Kellerman, Booth-
wyn, PA (www.nkhome.com/rowing-sports)
Provides boat-level speed and stroke rate information to crews while rowing
on water.
• Powerline instrumentation system, Peach Innovations, Cambridge, UK
(www.peachinnovations.com)
An athlete-level system of water-based instrumentation that logs kinematic
and kinetic information from various components of the rowing boat. For
example, pins and foot stretchers are instrumented as is the overall accelera-
tion of the hull. 50 Hz data is also available as a streamed serial data source
or presented to the coach in real-time within the proprietary analysis PC
software.
• smartOar instrumentation system, SmartOar Technologies, Boulder, CO
(www.smartoar.com)
An athlete-level water-based system of instrumentation similar to the Power-
line system that offers wireless real-time feedback to the coach.
• RowX Outdoor instrumentation system, WEBA Sport, Wien, Austria
(www.weba-sport.com/en/products/rowx-outdoor)
An athlete-level water-based system of instrumentation similar to the Power-
line system that offers wired real-time feedback to the athlete.
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• OarInspired, Queensland, Australia (www.oarinspired.com)
An athlete-level water-based system of instrumentation similar to the Power-
line system that is due to be released in 2016.
• Oartec Slider rowing ergometer, Oartec, Sydney, Australia (www.oartec.com)
A dynamic rowing simulator that has a floating fan cage. The movement of
the centre of mass of the athlete is reduced in comparison to an ergometer
with a stationary fan cage. This ergometer is also unique in that is does not
rely on a monorail design.
• Concept 2 rowing ergometer, Concept 2, Nottingham, UK (www.concept2.co.uk)
A static rowing simulator with a stationary fan cage. The athlete sits on a
seat that is mounted to a monorail and travels towards and away from the
fan cage.
• Concept 2 slides, Concept 2, Nottingham, UK (www.concept2.co.uk/service/slide)
An innovation to turn a static Concept 2 rowing ergometer into a dynamic
ergometer.
• RowPerfect rowing ergometer, Shepperton, UK (www.rowperfect.co.uk/rowperfect)
A dynamic rowing simulator that has a floating fan cage. The movement of
the centre of mass of the athlete is reduced in comparison to an ergometer
with a stationary fan cage. The seat of the ergometer is mounted on a
monorail.
• Minimaxx GPS accelerometer, Catapult Sports, Melbourne, Australia
(www.catapultsports.com/uk/sports/rowing)
An attitude, heading and reference system AHRS specifically designed for
use in field and water based sports. It uses GPS to provide speed and
location information and inertial measurement devices to report acceleration
and boat orientation.
• RowingInMotion (www.rowinginmotion.com)
An iPhone application that records and analyses boat movement measured
by the internal components of the phone. Real-time feedback is provided of
hull acceleration.
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Non-rowing Hardware
• Wattbike, Wattbike Ltd, Nottingham, England. (wattbike.com)
A cycling ergometer.
• Picostation wireless router, Ubiquiti Networks, San Jose, US (www.ubnt.com)
A wireless router specifically selected for its small footprint, external applic-
ation and header provided for access to the serial data terminal.
• Nexus 7 Android tablet, Google Inc, Mountain View, CA. (www.google.com/nexus)
A 7 inch tablet that runs the Android operating system.
• Jet Heads Up Display, Recon Instruments, Vancouver, BC. (www.reconinstruments.com)
A heads up display with wireless connectivity that allows it to communicate
across Wi-Fi and Bluetooth. It runs the Android operating system and has
application as a water-based visual feedback device.
• 3365 electromechanical testing machine, Instron, High Wycombe, UK.
(www.instron.com)
A lab-based uni-directional load and strain testing device.
Electronic Components
• MAX3485 RS485 transceiver, Maxim, Sunnyvale, CA.
• ADIS16210 three dimensional accelerometer, Analog Devices, Norwood, MA.
• RM44 angle encoder, RLS, Komenda, Slovenia.
• P201 USB angle encoder interface, Protura, Loughborough UK.
• ELHS-T1M-2.5KN load cell, Measurement Specialties, Shenzhen, China.
• DSCUSB USB load cell interface, Mantracourt, Exeter, UK.
• Vinculum-II embedded dual USB host controller, FTDI, Glasgow, UK.
• TTL-232RG-VSW5V-WE UART to USB converter, FTDI, Glasgow, UK.
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Software
• Modelio, Modeliosoft, Paris, France. (www.modeliosoft.com)
A UML documentation package.
• IBM SPSS Statistics v22, IBM Corp., Armonk, NY
(www.ibm.com/software/uk/analytics/spss)
A statistical analysis package.
• LabVIEW, National Instruments, Newbury UK (www.ni.com/labview)
A graphical application development package suitable for hardware integra-
tion and rapid prototype development.
• DiAdem, National Instruments, Newbury, UK (www.ni.com/diadem)
An analysis tool capable of displaying data stored in TDMS format, a time
series data format unique to National Instruments.
• OpenWRT (www.openwrt.com)
An open source router firmware. Once installed on a compatible router, all
typical router functionality is available as well as the ability to write custom
embedded applications within a Linux-style environment.
• MoSync
A cross-platform mobile development system (XMT) implemented in C++
that allows the application to be deployed to both Android and Apple
devices. (Ohrt and Turau 2012; Palmieri et al. 2012). No longer maintained.
Appendix B
Rowing Feedback Studies
For reference, the full list of published feedback studies performed in rowing is
presented in table B.1. For each study, the form of feedback applied is indicated
along with whether the equipment was for use on land or on water. If there was
a related statistical study involving the described technology and not merely a
proof of concept, the rowing skill level of the participants of the study is stated.
Pertinent studies from this list are discussed in the body of this thesis.
Human centred design practices were not followed in these studies.
S = Skilled, U = Unskilled, NS = No study, L = Land, W = Water
197
APPENDIX B. ROWING FEEDBACK STUDIES 198
Table B.1: Papers involving rowing feedback studies.
Paper Author Visual Audible Haptic Env. Skill
level
R. Anderson et al. 2005 X L S
R. Anderson and Campbell 2015 X L U
Baca and Kornfeind 2006 X L NS
Bachev et al. 1987 X W NS
Cˇerne et al. 2011 X L S,U
Collins 2011 X W NS
Dubus and Bresin 2010 X W NS
Dubus 2012 X L/W S
Dubus and Bresin 2015 X W S
Fothergill 2010 X L S
Gauthier 1985 X X L U
Hawkins 2000 X L NS
Iskandar et al. 2012 X L S
Mattes et al. 1997 X W S
McBride and Elliott 1999 X W S
Page and Hawkins 2003 X L U
Rauter et al. 2013 X X X L S
Ruffaldi and Filippeschi 2013 X X X L S
Schaffert et al. 2011 X W S
Schaffert and Mattes 2015 X W S
Shorr et al. 2011 X X L U
Sigrist et al. 2011a X L U
Sigrist et al. 2011b X X L U
Sigrist et al. 2013b X X X L U
Sigrist et al. 2014 X X X L U
Smith and Loschner 2002 X W S
Soper et al. 2002 X W S
Spinks and Smith 1994 X L S
Varlet et al. 2013 X L S
Zitzewitz et al. 2009 X X X L S
Appendix C
System Stakeholder Analysis
Table C.1 lists the stakeholders of the water based rowing feedback system and
the likely takes of each group of users.
Table C.1: Stakeholders and Task Goals.
System Name: Rowing Real-time Biomechanical Feedback
Primary Users Main Task Goals
Rowing Coach To coach rowing according to a session plan, providing
relevant instruction to athletes.
To achieve performance targets agreed with the perform-
ance director.
To work with sport scientists to obtain relevant feedback
of athletes.
Athlete (Rower) To row the boat to the best of their abilities and ac-
cording to a session plan, responding appropriately to
feedback provided to them.
To medal at championships.
Biomechanist To facilitate biomechanical interventions that will max-
imise the potential performance from athletes and crews.
Technician To ensure successful and accurate provision of data col-
lection services.
Secondary Users
Technical Coordinator To oversee the work performed by the biomechanist and
technicians (and other sports scientists).
To decide upon the correct sports science research and
development activities for the team.
Hence the business case and success of the new system
forms components of the Technical Coordinators KPIs.
Performance Director To sign-off research activities.
To finance project developments.
To deliver performance targets agreed with funding bod-
ies, e.g. UK Sport.
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Sports Science – Medical StreamSport Science – Non Medical Stream
In-house Biomechanics
Sports Science – Outsourced
Coach Athlete
Biomechanist
/ Technician
Psychologist PhysioStrength and
Conditioning
Discussions around ‘technique’ and session progress
Performance
Analyst
B
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echanical R
eports +
 V
ideo O
verlays
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l R
ep
or
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 +
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s
So
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Who makes final ‘style’ decisions 
currently? Probably differs from 
crew to crew between ‘coach 
dictates’ to ‘mutual discussion’.
Currently, major decision 
making takes place on land.
IC Biomechanics
Live or planned technique drill assignment and feedback
Piece of work numerical feedback
How to interpret coach 
input.
Pre-session 
install and 
configuration
Decisions based on live 
performance data (work 
piece timing).
How to optimise the hull 
speed in context of 
session, conditions and 
crew.
Live decisions relating to 
which technical drills to 
be performed.
Current live feedback of 
stroke rate and 
typically hull speed.
Group conversation how to 
interpret biomechanical and all 
other performance data.
Feedback Loop 
currently a minimum 
of 1 session in 
duration.
Captures video data 
(and race data)
Captures land based 
‘screening’ data 
periodically each season.
Figure C.1: System stakeholders with main tasks and how data flows between
users.
Appendix D
System Context of Use
D.1 Rowing Coach
Role
To coach rowing in order to maximise potential performance from athletes and
crews.
Experience/Knowledge with system or product
None, this is a new system
Experience with similar systems or products
Experience receiving biomechanical rowing feedback, but no experience with real-
time systems as none are currently used within GBRT.
Task knowledge
All GBRT coaches are high performance coaches and therefore possess a high level
of experience and knowledge relating to rowing coaching.
Language skills
English will be the only languages used.
Age of users
18+
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Gender
Coaches within GBRT are predominantly male but this is not a pre-requisite
requirement.
Physical capabilities and limitations
No coaches have significant visual, hearing, speech, motor or mental impairments.
Cognitive capabilities and limitations
No coaches have significant memory or other cognitive problems.
Attitude and motivation
Highly motivated to achieve rowing success
Task
To coach rowing in order to maximise potential performance from athletes and
crews.
Task goal or output
To have a positive influence on the performance of their crew relative to before
the session.
Task breakdown
See HTA.
Task frequency
Water based training sessions are performed up-to 3 times a day.
Training using real-time feedback is likely to occur on 2 occasions annually for
up-to 5 days at a time.
N.B. This is not a system for use in racing.
Task duration
Typical water based training sessions last for 90 minutes.
Task flexibility
There is no prescribed formula for coaching. Each coach may therefore make use
of the system differently.
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Task dependencies
Usage of the real-time feedback is dependent upon the technician and biomechanics
group installing and configuring the system.
Physical/ mental demands
Low physical demand.
High mental demand cognitively challenging to convert the biomechanics data
into superior rowing performance.
Risk resulting from error
No performance increment to the crew.
Resulting perceived wasted effort and time that may have been better used on
alternative activities.
Safety critical demands
System may distract coach from driving their mode of transport (speed boat or
bicycle). Suggest that a member of support staff assist the coach during use.
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D.2 Athlete (Rower or Coxswain)
Role
To row/cox the boat to the best of their abilities and according to a session plan,
responding appropriately to feedback provided to them.
Experience/Knowledge with system or product
None, this is a new system
Experience with similar systems or products
Experience receiving biomechanical rowing feedback, but no experience with real-
time systems as none are currently used within GBRT.
Task knowledge
All GBRT athletes and coxes in development and senior squads are high perform-
ance. This means that they have met performance targets (technical and physical)
to be associated with the team. Therefore a high level of skill and knowledge in
rowing can be assumed.
Language skills
English will be the only languages used.
Age of users
15+ (some users may be training towards junior championships)
Gender
Athletes may be either male or female.
Physical capabilities and limitations
There are adaptive and non-adaptive classes of rowing. The system is to initially
cater for athletes with no significant visual, hearing, speech, motor or mental
impairments.
Future versions of the system may be adapted to cater for athletes with either
physical, visual or learning impairments.
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Cognitive capabilities and limitations
There are adaptive and non-adaptive classes of rowing. The system is to initially
cater for athletes with no significant visual, hearing, speech, motor or mental
impairments.
Future versions of the system may be adapted to cater for athletes with either
physical, visual or learning impairments.
Attitude and motivation
All athletes are highly motivated to achieve success at their relevant champion-
ships.
Task
To row/cox the boat to the best of their abilities and according to a session plan,
responding appropriately to feedback provided to them.
Task goal or output
To have a positive influence on performance of the crew relative to before coaching
activity.
Task breakdown
See HTA.
Task frequency
Water based training sessions are performed up-to 3 times a day.
Training using real-time feedback is likely to occur on 2 occasions annually for
up-to 5 days at a time.
N.B. This is not a system for use in racing.
Task duration
Typical water based coaching sessions last for 90 minutes.
Task flexibility
There is a pictorial model for how to row the boat. Within that, different crews
and boat types may have minor specialisations.
There are 2 forms of rowing: rowing (with 1 oar per rower) and sculling (with 2
oars per rower)
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Task dependencies
Usage of the real-time feedback is dependent upon the technician and biomechanics
group installing and configuring the system.
Physical/ mental demands
High physical demand (low physical demands for cox).
Moderate mental demand after initial use.
Risk resulting from error
If feedback is provided in an unergonomic way, the rowers technique may be neg-
atively affected.
No performance increment to the crew. Resulting perceived wasted effort and
time that may have been better used on alternative activities.
Safety critical demands
System may distract the rower/cox from steering the boat leading to a crash.
System may distract the rower from normal rowing, leading to a crab (accidental
letting go of blade) which may in turn lead to a capsize.
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D.3 Biomechanist
Role
To facilitate biomechanical interventions that will maximise the potential perform-
ance from athletes and crews.
Experience/Knowledge with system or product
None, this is a new system
Experience with similar systems or products
Experience installing existing biomechanics instrumentation and collecting data.
Experience interpreting biomechanics data.
No experience with real-time systems as none are currently used within GBRT.
Task knowledge
High knowledge levels of maths and physics.
Variable knowledge and experience in rowing boats. Some practitioners have come
from a different sporting background to rowing.
Language skills
English will be the only language used.
Age of users
21+
Qualifications
All sports scientists have a minimum of a masters level degree.
Gender
Currently the GBRT biomechanists are male, although there is no stipulation for
this.
Physical capabilities and limitations
No biomechanists have significant visual, hearing, speech, motor or mental impair-
ments.
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Cognitive capabilities and limitations
No biomechanists have significant memory or other cognitive problems.
Attitude and motivation
All biomechanists are highly motivated to provide performance impacting inter-
ventions to the crews they work with.
Task
To facilitate biomechanical interventions that will maximise the potential perform-
ance from athletes and crews.
Task goal or output
To have a positive influence on performance of the crew relative to before inter-
vention.
Task breakdown
See HTA.
Task frequency
Water based training sessions are performed up-to 3 times a day.
Training using real-time feedback is likely to occur on 2 occasions annually for
up-to 5 days at a time.
N.B. This is not a system for use in racing.
Task duration
Typical water based coaching sessions last for 90 minutes.
Task flexibility
The biomechanist has a blank sheet of paper to be innovative in the use of the
new real-time feedback system.
Task dependencies
Usage of the real-time feedback is dependent upon the request from coaches.
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Physical/ mental demands
Low physical demand.
High mental demand cognitively challenging to convert the biomechanics data
into superior rowing performance.
Risk resulting from error
No performance increment to the crew.
Resulting perceived wasted effort and time that may have been better used on
alternative activities.
Safety critical demands
None identified.
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D.4 Technical Environment
Hardware
Tablets, middleware/networking and mountings to be researched / developed.
Maximised use of off-the-shelf components.
Software
Bespoke middleware and tablet software.
Network
Wireless networking, 1 network per rowing crew/coach grouping.
Reference materials
None, experience is that coaches are more likely to turn to support staff for on the
spot training. Questionable use of instructional material other than for document-
ation purposes. Due to the off-the-shelf nature of the hardware and bespoke nature
of the software, only generic manuals relating to the hardware components will be
available and internet based tutorials available during software development.
Other equipment
None.
D.5 Physical Environment
Atmospheric Conditions
UK and abroad outdoor weather conditions. Some sessions may be performed at
altitude. System unlikely to be used during wet weather, though system should
be splash proof as a minimum.
Auditory Environment
Rowing environments. Noise from motor boats, local businesses and homes and
other river/lake users.
Thermal Environment
UK and abroad outdoor weather conditions. ¡0 to +40 degrees Celsius.
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Visual Environment
Day time lighting environments. May range from very low lighting levels to direct
bright sunshine.
Environmental instability
None.
D.6 Health and Safety
Health hazards
Hazards already associated with the tasks distraction from current activities of
safely navigating the rowing boat or controlled the speed boat.
Protective clothing and equipment
Standard clothing already used by athletes, coaches and support staff for outdoor
training conditions.
D.7 Other Environment
User posture
Athletes will use the system while rowing which involves moving up and down in
a seated position.
Coxes will use the system while sat in their coxs seat.
Coaches and biomechanists are likely to use the system seated from within speed
boats on the water.
Group working
Rowing may occur in crew boats of 1, 2, 4 or 9 athletes.
To minimise the risk of already identified accidents, support staff may be used to
control the speed boat and coaches may verbally advise crews on their steering.
IT Policy
GBRT promotes the use of IT systems to achieve competitive advantage.
Appendix E
HCD Workshop Session Plans
Sessions plans for the three unique workshops run during this research are presen-
ted here.
E.1 HTA and Determinants of Performance
This is the format of the workshop to both sets of coaches as it was originally
planned.
Timetable
Task Duration
Introduction to research work + Ethics 10 mins
Task 1: What determines a fast crew? 15 mins
Task 2: Achieving Coaching Goals 20 mins
Quick fire questions 5 mins
Wash-up 5 mins
Introduction
• Welcome coaches
• Give outline of the research and how it aims to enhance the GBRT team’s
performance.
• A brief description of the workshop.
• Distribute ethical approval paperwork.
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Task 1: What determines a fast crew?
Ask coaches to look through a pair of sample biomechanical rowing reports for
two crews whose data looked similar but that had different levels of performance.
• What do they feel are the key factors that explained the performance delta?
• What parameters are missing from the existing reports? Consider existing
and potentially new sensors.
• Which parameters are coachable?
• Which can not, currently, be easily manipulated?
• What are the barriers to manipulating these parameters?
Encourage coaches to write on the reports and reassure that they are not being
tested.
Task 2: Achieving Coaching Goals
As a starting point, a sample HTA will be presented to describe the task of coach-
ing in order to engage the coaches.
Coaches will then be asked to: ‘Imagine a scenario where a crew you were
coaching were unable to achieve a technical change. Describe the session as a
timeline, indicating what information you were providing to the crew, how you
were conveying this information and how this information was being used.’
Findings will be summarised to the group and used to confirm the originally
proposed HTA.
Quick-fire questions
A set of questions will be used, if time allows, to maximise the content from the
session and understand coach opinions about: video / data overlays, instantaneous
data, tracking params, averaged stroke data, target tracking, automatic analysis
prompts, start analysis, sonics.
Wash-up
• Thank coaches for their involvement in the research,
• Collate results,
• Describe the future stages of the research and how they may be involved.
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Session requirements
A meeting room, laptop with projector, white board and pens, A3 paper, A4
paper, pens, sample biomechanical rowing reports
A scribe will be used throughout the workshop.
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E.2 Molesey Boat Club - Stroke Arc Interfaces
Timetable
Task Duration
Intro: 5 mins
Intro task 1 5 mins
Run task 1 10 mins
Intro task 2 5 mins
Run task 2 10 mins
Presentations 10 mins
Introduction
• A brief description to be provided about the project and its support from
GBRT.
• Ethics + tape recording: The intention is to report the ideas and opinions
while maintaining participant confidentiality.
• A brief description of the workshop.
• Discuss session ground rules. In particular, all views are valid and welcomed.
Task 1: An introduction to interface design
Hand-outs to be circulated with interfaces from various vehicles including car dash
boards, bike speedos, aircraft, rowing ergometers and in boat rowing devices. Any
complex interfaces should be explained.
• Participants to discuss the hand-outs in pairs for 5 mins.
• A group discussion to follow to draw out specific aspects of each interface,
including; use of colour, numeric, graphs, dials, games, targets, symbols, log
scales v number ranges, positioning of screen elements on screen, complexity,
font sizes, accuracy range, targets, delay in presenting data.
Task 2: Design your perfect interface to relay stroke arc. (Groups of 2)
• Provide a clear picture of the interface,
• Describe pertinent content,
• Attempt to find correct colours,
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• Two designs are equally as good as one,
• Describe how the interface works. E.g. If meeting a target, what is the
feedback form in comparison to when target is not met? When does the
interface get refreshed?
• Consider the context of use: Outdoor, water based, athlete movement relat-
ive to interface.
At the end of the session, participants will be asked to present and explain their
designs. Fellow participants will rate the designs on a likert scale (1 = poor, 3 =
average, 5 = excellent) for clarity, task suitability and preference and provide any
associated comments.
Wash-up
• Thank participants for their involvement in the research.
• Collate results.
• Encourage any ideas arising after the session to be fed back to coaches or
the investigator.
Post session recording analysis
• What were the key themes of the discussion?
• Were there any unexpected findings?
• How did this group compare with prior groups?
• Does anything need to be changed before the next workshop?
• What outcomes did the workshop produce?
Session requirements
White board and pens, example interface laminates, questionnaire pro-formas,
clipboards, paper, tape recorders, pens (including colour), mini white board, A3
paper, felt tips
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E.3 Nottingham Water Sports Centre -
Velocity Parameterisation
Timetable
Task Duration
Introduction to research work 10 mins
Task 1: What describes ‘efficient rowing’? 15 mins
Introduce velocity parameterisation 20 mins
Ethics + Coffee 15 mins
Task 2: An introduction to interface design 15 mins
Task 3: Interface design of velocity paramet-
erisation
15 mins
Interface presentations 10 mins
Introduction
• A brief description to be provided about the research and its support from
GBRT.
• A brief description of the workshop.
• Discuss session ground rules. In particular, all views are valid and welcomed.
Task 1: What describes ‘efficient rowing’?
Three sets of handouts provided displaying results from a water based step test.
Each set contained four athletes labelled A to D. The participants were asked
to discuss and report back to the group which athletes, based on their existing
knowledge, they felt were the most efficient rowers.
• Participants to discuss the hand-outs on their tables for 5 mins.
• A group discussion to follow to identify which athletes were considered to
be the most efficient and why.
Introduction to Velocity Parameterisation
With group participation, theories regarding how to improve a velocity trace for
an athlete were discussed including:
1 Make entire velocity trace more positive.
2 Reduce velocity fluctuations.
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3 Modify percentage of time spent at low and high velocities.
along with technical strategies for achieving each effect and what the related ac-
celeration trace might look like. Supporting academic research presented.
The parameterisation of the velocity trace was presented along with the results
from the athletes presented earlier in the four example water step tests. Rank-
ings were presented alongside their GBRT trial results followed by a discussion
about why some seemingly efficient athletes did not achieve the fastest boat speed
(athlete weight, psychology and key performance determinants).
The group were asked how they might generate strategies to influence velocity
fluctuations.
Ethics + Coffee Break
Ethics + tape recording: The intention is to report the ideas and opinions while
maintaining participant confidentiality.
Task 2: An introduction to interface design (Groups of 4)
Hand-outs to be circulated with interfaces from various vehicles including car dash
boards, bike speedos, aircraft, rowing ergometers and in boat rowing devices. Any
complex interfaces should be explained.
• Participants to discuss the hand-outs in groups for 5 mins.
• A group discussion to follow to draw out specific aspects of each interface,
including: use of colour, numerics, graphs, dials, games, targets, symbols, log
scales v number ranges, positioning of screen elements on screen, complexity,
font sizes, accuracy range, targets, delay in presenting data.
Task 3: Design your perfect interface to relay concurrent acceleration
information. (Groups of 4)
• Provide a clear picture of the interface,
• Describe pertinent content,
• Attempt to find correct colours,
• Two designs are equally as good as one,
• Describe how the interface works. E.g. If meeting a target, what is the
feedback form in comparison to when target is not met? When does the
interface get refreshed?
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• Consider the context of use: Indoor, land-based, athlete movement relative
to interface.
At the end of the session, participants will be asked to present and explain their
designs, during which time other participants will rate the designs against clarity,
suitability and preference and provide any associated comments.
Session requirements
Task 1 handouts, laptop with slides, white board and pens, example interface
laminates, clipboards, paper, tape recorders, pens (including colour), mini white
board, A3 paper, felt tips
Wash-up
• Thank participants for their involvement in the research.
• Collate results.
• Encourage any ideas arising after the session to be fed back to the investig-
ator.
Post session recording analysis
• What were the key themes of the discussion?
• Were there any unexpected findings?
• How did this group compare with prior groups?
• Does anything need to be changed before the next workshop?
• What outcomes did the workshop produce?
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E.4 Workshop Example Interface Handouts
iPhone App, Concept 2, Nottingham, UK
SpeedCoachGold, Nielsen Kellerman, Boothwyn, PA
iPhone App, RowingInMotion
CoxMate SX, St Peters, 
Australia
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PM3 & PM4 Monitor, 
Concept 2, Nottingham, UK
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RowX Outdoor, WebaSport, Wien, Austria
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RowX Outdoor, WebaSport, Wien, Austria
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All images from Google Images, Creative Commons
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Mattes, K (2011) Bewegungswissenschaft – Bewegungen erforschen, erleben und 
vermitteln, Lecture presented at Hamburg University.
http://lecture2go.uni-hamburg.de/veranstaltungen/-/v/12042
Kastner, M., Sever, A., Hager, C., Sommer, T., & Schmidt, S. (2010). 
Smart phone application for real-time optimization of rower movements. 
Procedia Engineering, 2(2), 3023–3028.
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Cockpit Interface References
• Coombs 2005
• Coultard 1952
• Jarrett 2005
• Jukes 2004
• Pallet 1998
Appendix F
Network Testing Graphs
50 Hz graphs generated during network testing across the three environmental
conditions.
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Figure F.1: 50 Hz indoor network results (M and SD).
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Figure F.2: 50 Hz outdoor car park network testing results (M and SD).
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Figure F.3: 50 Hz outdoor water network testing results (M and SD).
Appendix G
Training Study Questionnaire
Training questionnaire provided to all test group participants of the case series
study (chapter 6).
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Multi-Modal Rowing Feedback Study – Questionnaire 
Thank-you for participating in the feedback study. Please complete this brief questionnaire to help inform us of 
your views and help direct the future developments of the system. 
Rowing task 
Strongly 
Agree 
Agree Neutral Disagree 
Strongly 
Disagree 
I fully understand the concepts of rowing 
efficiency as presented to me. 
     
I believe that a positive change in the efficiency 
metrics will lead to a faster moving boat 
     
My overall experience using the feedback system 
has been positive. 
     
Feedback training sequence      
I understand what technical changes I need to 
make in order to improve my rowing efficiency. 
     
The training sequence has helped to improve my 
rowing efficiency on a rowing ergometer. 
     
I feel that the training sequence has led to an 
associated improvement in my on water rowing 
efficiency. 
     
Real-time feedback was critical to my 
improvement. 
     
Feedback system      
The feedback system functioned well and as 
expected. 
     
I felt that the feedback I received was accurate.      
The feedback system guided me towards an 
optimized rowing technique. 
     
The feedback system was intuitive.      
The feedback system distracted me in completing 
the designated task. 
     
Please rank the feedback interfaces 1 – 5, 1 being your most preferred and 5 being your least. 
Scrolling Acceleration Bullseye 
Split Screen – 
Recovery/Drive 
Statistics History Plot Sound 
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What was your favourite feedback interface? Please give some explanation to your answer. 
 
 
What was your least favourite feedback interface? Please give some explanation to your answer. 
 
 
What improvements would you like to see to the feedback system? 
 
 
 
 
 
 
 
What additional information or data (feedback) would you like to aid the training of rowing efficiency? 
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Abstract 
Biomechanical feedback in water-based rowing is traditionally presented as paper reports or video overlaid with 
data once a session has been completed. Research into the provision of extrinsic feedback in sport suggests that 
real-time feedback can lead to skill acquisition and, when appropriately applied, lead to skill retention during 
competition and therefore a positive performance outcome. This paper presents a novel system architecture that
delivers real-time feedback using commercially available off-the-shelf components. The development of a rowing 
specific system to test a range of feedback strategies is presented, including fading feedback, mixing feedback 
modalities and varying of the frequency and timing of feedback. MoSync, a cross-platform smartphone 
development language, was used to write the client application while the server was written as an embedded 
application in C and Lua that ran on top of the OpenWrt open-source router operating system. Data was 
transmitted wirelessly across a Wi-Fi network. A human-centred design process was led by a group of high-
performance athletes and coaches and the system was shown to deliver data to up to 10 clients simultaneously. 
Future research will investigate the efficacy of a variety of different feedback strategies to rowers. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Centre for Sports Engineering Research, Sheffield Hallam University. 
Keywords: Rowing; biomechanics; instrumentation; wireless networking; real-time feedback; cross-platform development tools 
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1. Introduction 
Rowing is an Olympic sport in which 1, 2, 4 or 8 athletes repeat a cyclical rowing stroke approximately 220 
times over a race distance of 2000 m. Determinants of performance include the physiological capacity of the crew 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Centre for Sports Engineering Research, Sheffield Hallam University
Available online at www.sciencedirect.com
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to produce power as well as the biomechanical application of the available power in generating forward boat 
propulsion. 
Extrinsic or augmented feedback mechanisms are used in sport to provide information that would otherwise not 
be available to the athlete (Magill, 2011). Extrinsic feedback is provided by an external source as opposed to 
intrinsic feedback which is received by the athlete through sensory pathways. During on-water rowing, technology 
limits extrinsic feedback to the visual display of number of strokes taken per minute, distance travelled and hence 
boat speed (e.g. SpeedCoach, Nielsen Kellerman, Boothwyn, USA). This form of feedback is termed outcome 
feedback or knowledge of result (Magill, 2011). The goal of the biomechanist is, however, to provide process level 
feedback, also known as knowledge of performance (Magill, 2011), relating to what technical improvements an 
individual athlete should make in order to achieve a more efficient hull motion. It should also be noted that 
feedback at boat level fails to differentiate the individual contributions of each athlete towards the net boat speed. 
Suitable athlete level real-time feedback systems for this research were not commercially available. Systems 
such as Powerline (Peach Innovations, Cambridge, UK) or SmartOar (SmartOar Technologies, Breckenridge, 
USA) provide real-time feedback to a single user but not directly to each athlete. BioRow (Dr Valery Kleshnev, 
UK) and RowX Outdoor (WEBA Sport, Wien, Austria) do provide feedback to athletes however, in the case of the 
BioRow system, feedback can be overwhelming in its complexity while, with the WEBA Sport system, there are a 
range of simple interfaces offered though limited opportunity to experiment with how the feedback is delivered to 
the athlete. Although the use of athlete level real-time feedback is promoted (Altenburg et al., 2012), the reality is 
that very few rowing nations currently use real-time feedback with a preference towards terminal feedback via 
reports and video overlaid with data. 
Water-based real-time feedback has been shown to achieve skill acquisition in rowing including the reduction of 
hull speed variations through hull acceleration sonification (Schaffert, 2011) and the use of in-boat displays by 
two-oared scullers, demonstrating improved force synchronisation within 10 strokes (Mattes et al., 1997). These 
examples, however, do not unequivocally draw the link between skill acquisition and improved race performance 
and this is attributed to the increased levels of attentional focus achieved when athletes are under a controlled 
testing environment potentially masking true levels of effectiveness (Schaffert, 2011) or attributed to the inability 
for an athlete to retain the learnt skill under race conditions. Additionally, feedback is either provided or not 
provided for a session without an ability to experiment with intra-session feedback duration or timing which may 
lead to a dependency on feedback (Sigrist et al., 2013). There is reliance upon a single feedback modality which 
contradicts research that promotes the simultaneous use of multiple feedback modalities (Sigrist et al., 2013) and 
the visual presentation of the data (Mattes et al., 1997) did not undergo ergonomic trials during development. 
There is, therefore, a need to develop a technical architecture for the delivery of real-time feedback in rowing 
that facilitates intricate coach-driven control of intra-session feedback and that follows a user-centred design 
approach. The design of such a system that is able to provide feedback to up to nine athletes and a coach 
simultaneously with the capability to ‘display’ information in multiple formats is presented in this paper. Best 
practice usage recommendations for coaches will result from the subsequent applied feedback research. 
2. System Overview 
2.1. System requirements 
The underlying requirement of any biomechanical feedback system is to deliver a performance gain to athletes 
and throughout the process of development, therefore, a human-centred design methodology was followed (ISO 
9241-210, 2010). This included consulting with elite coaches from the GB Rowing Team to understand their 
fundamental data requirements and the existing communication pathways while coaching. Workshops were run 
with high-performance athletes to agree the feedback concepts and the user interfaces of the initial system. 
An output of the requirements capture process was a context-of-use document that detailed the system users, the 
tasks the users would need to perform and environmental considerations of the system, such as its use in an 
outdoor water-based environment. Athletes are to use the system while moving within a rowing boat and focus was 
therefore placed upon simplification of the feedback they received. Stroke angles, pin force and hull acceleration 
are examples of the biomechanical parameters that will be fed back. The feedback will be delivered directly to the 
athletes as well as to the coach and, importantly, those data should be semantically processed and presented in 
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ways that are meaningful, to give simple, but sufficiently accurate, feedback. The context-of-use also highlighted 
the throughput requirement of any data transport protocols adopted and the range over which the data needs to be 
carried. For the rowing application, the maximum data rate to 10 clients when taking 16 bit samples at 50 Hz from 
a data logger is 544 kbits.s-1. The required range between the boat and the client devices was set at 100 m. 
Consideration was given to the overall weight of equipment to be carried within the boat. 
Novel requirements of the system include the wireless, simultaneous delivery of data to up to 10 users. Of 
particular importance is the fact that the coach will be given the ability to interact with each of the athlete displays 
to manipulate what feedback signals each athlete receives, as they row, based on their individual performance and 
requirements. This will facilitate intricate control over feedback strategies during future research while continuing 
to allow the coach to remain central to the delivery of elite-level rowing athletes. 
Future system expansion was included as an initial requirement. As well as utilising the powerful visual display 
capabilities offered by tablet computers, peripherals, for example heads-up displays and headphones, might 
subsequently be adopted. Equally, as data may in the future come from a range of sources and not just a single 
rowing instrumentation system, connectivity was considered important. 
2.2. System design 
Data collection systems in sport consist of sensors to measure sport-specific movements or physiological 
parameters from the athlete, associated data storage and a local feedback pathway. Generally the stored 
information is used to provide terminal feedback while the local feedback is received only by the specific athlete as 
an audible or a visual cue. Typically the data flow is simple and does not allow the coach to monitor or customise 
the feedback received by the athlete in real-time. An enhanced architecture is, therefore, presented here (Figure 1). 
Many sporting systems provide a real-time telemetry stream and, unless a suitable remote interface is provided 
by the manufacturer, it is the task of the sports technologist to route and then display this information to the athlete. 
Interfaces to a data producer might take a wired (e.g. RS-232, USB or Ethernet) or a wireless (e.g. Wi-Fi, ANT, 
Bluetooth or ZigBee) format and the interface selection will be driven by the specifics of the data producer, the 
required data rate, the acceptable loss of packets during communication and the physical transmission range. 
Within the middleware of the proposed architecture, two roles are performed. Firstly, received data packets 
from any of the interfaced components are decoded to determine the intended recipient (consumer) and then routed 
to their desired destination. In this application, which has multiple consumers, it is possible that the same data 
packet will be sent to more than one consumer. The middleware also holds state information including: the current 
configuration of the real-time data being sensed, the currently active configurations of each consumer and any 
errors that have occurred during the lifetime of the session. The associated state control pathway allows any client 
or manager to modify the state of the middleware and therefore re-configure what data a consumer is viewing, or 
the bias of any feedback being received. 
Figure 1 Generic real-time data system with integrated control loop 
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The athlete data consumers provide interfaces, designed and tested in consultation with the users, for displaying 
the live data in a format that is intended to maximise skill acquisition. The coach device will also provide data 
interfaces, although these will typically provide more complex data presentation since the coach is not performing 
simultaneous sporting movements and is therefore able to apply more cognitive processing to data interpretation. 
In the system architecture, two interfaces exist between each data consumer and the middleware. The data 
interface is dedicated to the consumer in question and carries the relevant real-time data that originated from the 
data producer. The second interface is shared between all consumers and is able to read state information from the 
middleware and also pass control messages for configuration of their own data displays or the displays of any other 
consumer. It is anticipated that this ability will only be provided to the coach or manager of the training session. 
However, the feature opens up powerful options for the control of the feedback delivered to the athlete. 
2.3. System Implementation 
The new architecture was applied to the delivery of biomechanical real-time feedback in rowing (Figure 2). The 
validated Powerline rowing instrumentation system (Croker et al, 2009) was selected (Figure 3a) to produce a 
serial data stream. A commercial Wi-Fi router (Picostation, Ubiquiti Networks, San Jose, US) was chosen as the 
middleware hardware and installed with an Open-source router operating system (OpenWRT, https://openwrt.org). 
The linux utility, socat, provided serial data to a custom-written embedded C application, Peach2Net. Peach2Net 
routed data to consumers through sockets to each connected client device and employed named pipes to 
communicate with the control logic running on OpenWRT’s web server software. 
State in the middleware was stored using JavaScript Object Notation (JSON) files and control scripts to manage 
the start-up process and the control messages coming from the clients were written in Lua (http://www.lua.org), a 
scripting language with particular application in embedded systems. The rowing technician would be responsible 
for generating state files for each specific boat configuration and loading these for each session. 
MoSync, a cross-platform development tool implemented in C++ (Ohrt and Turau, 2012 and Palmieri et al., 
2012), was selected to write the client application as this allowed it to be deployed to both Apple iOS and Google 
Android devices, the two current market-leading mobile device operating systems (Gartner, Inc., 2013). Upon 
investigation, the MoSync platform was found to transfer data reliably via TCP streams although it did not allow 
use of UDP multicasts. Threading was not available in MoSync although asynchronous behaviour was achievable 
through listeners and an event framework. Listeners were set-up to react to screen interaction, network activity, 
loss of screen focus and event timers (e.g. to periodically trigger a screen refresh). 
MoSync permitted the menu system to be developed as a WebView (HTML5) or natively in C++ using the 
NativeUI library. Investigation showed WebViews to be the preferred route for our prototype because it was easier 
to predict how the same code would render on the different hardware platforms and it was also possible to utilise 
mobile specific, touch optimised HTML 5 libraries (JQuery Mobile, http://jquerymobile.com). WebViews, 
however, were not responsive enough to deliver the real-time interfaces nor did they provide the required design 
flexibility. Therefore, the data interfaces were implemented in OpenGL ES, a low-level graphical rendering library 
specific to mobile devices. 
The client tablets were housed inside rugged casings and mounted to the foot stretchers of the boat using 
removable metal brackets (Figure 3b). 
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Figure 2. Software system architecture 
a) b) 
Figure 3.(a) Server components including Powerline logger, cross-over cable, TTL-RS232 level shifter, Picostation router, and battery. 
(b) Client display, mounted in a boat. 
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3. Discussion 
This paper has presented a novel system architecture and prototype implementation for the delivery of real-time 
sporting telemetry to coaches and athletes and its application to rowing. The coach-driven nature of the system 
describes the ability of the coach to finely manipulate the feedback received by each athlete remotely and while the
athlete is rowing, thereby optimising the opportunity for skill acquisition through shorter feedback cycles and 
feedback that is tailored to individual athlete requirements. Best practice development of the system in conjunction 
with its intended end-users is intended to deliver a system that is better fit-for-purpose, readily delivers a 
performance gain and therefore receives comprehensive user acceptance. While the coach is able to deliver a 
unique feedback experience to their athletes, the next stage of the research will involve investigating the efficacy of 
the various feedback strategies promoted across the sport-relevant literature to date. 
The successful development of the system has acted as a proof-of-concept for the integration of various 
software and hardware technologies. Subsequent trials will capture quantitative and qualitative data related to its 
usability during on-water rowing. Following the iterative approach that is central to a human-centred design 
project, the feedback obtained will act as an input to any re-development that is deemed necessary. Once the 
system has been shown to be operational in the field, a series of studies will be conducted to demonstrate the use of 
the system to deliver skill acquisition and, with the support of the GB Rowing Team, strategic skill-based studies 
will be performed in an attempt to deliver performance improvements and skill retention during competition. 
4. Conclusion 
The coach-driven real-time feedback system architecture presented has been successfully applied to the sport of 
rowing. During the development, industry standard Wi-Fi networking has been integrated with a commercial 
rowing instrumentation system and modern tablet computers using a myriad of software techniques and 
technologies including: Embedded C, C++, Lua, JSON, OpenGL-ES, OpenWrt, MoSync, JQuery Mobile, HTML5 
and Javascript. The architecture has demonstrated what can be achieved through the incorporation of a human-
centred design process and with minimal development time and resource availability. 
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